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Protective effects of phillyrin against influenza A virus in vivo

Xin-yan Qu1 • Qing-jun Li1 • Hui-min Zhang2 • Xiao-juan Zhang1 •

Peng-hui Shi1 • Xiu-juan Zhang1 • Jing Yang1 • Zhe Zhou1 • Sheng-qi Wang1

Received: 16 December 2015 / Accepted: 8 June 2016 / Published online: 21 June 2016

� The Pharmaceutical Society of Korea 2016

Abstract Influenza A virus infection represents a great

threat to public health. However, owing to side effects and

the emergence of resistant virus strains, the use of currently

available anti-influenza drugs may be limited. In order to

identify novel anti-influenza drugs, we investigated the

antiviral effects of phillyrin against influenza A virus

infection in vivo. The mean survival time, lung index, viral

titers, influenza hemagglutinin (HA) protein and serum

cytokines levels, and histopathological changes in lung

tissue were examined. Administration of phillyrin at a dose

of 20 mg/kg/day for 3 days significantly prolonged the

mean survival time, reduced the lung index, decreased the

virus titers and interleukin-6 levels, reduced the expression

of HA, and attenuated lung tissue damage in mice infected

with influenza A virus. Taken together, these data showed

that phillyrin had potential protective effects against

infection caused by influenza A virus.
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Introduction

Because it is associated with severe morbidity and mor-

tality, influenza A virus infection represents a great threat

to public health. Periodic influenza outbreaks have serious

socioeconomic repercussions. The high genome mutation

rate of the virus, together with its capacity for reassortment

and rapid dissemination has given rise to several devas-

tating influenza pandemics. M2 ion channel inhibitors and

neuraminidase inhibitors are the two major types of anti-

influenza infection medicines currently available. How-

ever, due to the side effects of the drugs and emergence of

resistant virus strains, the use of these drugs for the treat-

ment of influenza infections is limited. Thus, there is an

urgent to need to identify novel anti-influenza compounds

(Liao et al. 2013; Poovorawan et al. 2013; Sriwilaijaroen

and Suzuki 2014).

Oleaceae Fructus Forsythiae is a traditional Chinese

herb containing lignans, glycosides, and flavonoids. This

herb has been reported to have anti-inflammatory, antiox-

idant, antimicrobial, and anti-influenza virus infection

activities (Guo et al. 2007; Kim et al. 2003; Kuo et al.

2014; Qu et al. 2012; Rouf et al. 2001; Yue et al. 2001;

Zhaozhao et al. 2007). Moreover, arctigenin, a lignin found

in Oleaceae Fructus Forsythiae, has been shown to exhibit

anti-inflammatory activity through inhibition of both exu-

date production and leukocyte recruitment to inflamed

tissues (Kang et al. 2008). Recently, hydroxyl pentacyclic

triterpene acids have been reported to have anti-asthmatic

activity through reduction of specific airway resistance

(sRaw) and inhibition of both eosinophil recruitment and

inflammatory mediator release in the lungs (Lee et al.

2010). In addition, alkaloids from Oleaceae Fructus For-

sythiae have been reported to show anti-inflammatory

activity (Dai et al. 2009). Phillyrin is the major chemical
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constituent of Oleaceae Fructus Forsythiae. In recent

years, phillyrin has been found to suppress high glucose-

induced lipid accumulation and possess antibacterial and

antioxidant activities. Phillyrin has also been found to be a

potential therapeutic agent for alleviating inflammation

(Do et al. 2013; Kong et al. 2014; Pan et al. 2014; Qu et al.

2008; Wei et al. 2014; Zhong et al. 2013). However,

whether phillyrin has anti-influenza A virus activity and

protective effects against inflammation induced by influ-

enza A virus has not been studied.

Therefore, in this study, we examined the in vivo pro-

tective effects of phillyrin against influenza A virus and the

antiviral activity of phillyrin by using a mouse model of

influenza A infection. The survival rates, lung indexes,

viral loads and histopathological changes in lung tissue

were examined.

Materials and methods

Pharmacological compounds

Phillyrin, obtained from Oleaceae Fructus Forsythiae

(purity[99 %), was purchased from the National Institutes

for Food and Drug Control (Beijing, China). Oseltamivir

was purchased from Chengdu Chroma Biotechnology

(Chengdu Chroma Biotechnology Co. Ltd., Wuhan, China).

Virus and mice

The strain of influenza A virus used in the study was the

A/FM/1/47 strain. Specific pathogen free (SPF) male

BALB/c mice (weight, 17–19 g) were obtained from Vital

River Laboratory Animal Technology (Beijing, China) and

provided food and water ad libitum. Animals were housed

with a constant temperature and humidity of 22–26 �C and

60 %, respectively, with a 12/12 h light–dark cycle. The

experiments protocols were reviewed and approved by the

Animal Ethics Committee of the Beijing Institute of

Radiation Medicine, and all experiments were carried out

in accordance with the rules of the Beijing Administration

Office of Laboratory Animals.

Mouse infection and treatment

Mice were infected by intranasal administration of a 20 lL
suspension of influenza A virus diluted in phosphate buf-

fered saline (PBS) to a concentration of 4 LD50. Prior to

infection, mice were anesthetized with 1 % pentobarbital

(intraperitoneal injection [i.p.], 50 mg/kg). The mice were

randomly divided into five groups of 16 mice per group.

Twenty-four hours later, the mice were treated with osel-

tamivir (10 mg/kg/day) by oral gavage or treated with

phillyrin (i.p., 10 or 20 mg/kg/day) for 3 days. Mice in the

virus infected group were administered saline solution.

Survival rates and body weights of the mice were observed

for 14 consecutive days after infection. The survival rates

and mean survival times were evaluated to estimate the

protection that phillyrin provided against influenza A virus

infection (Hokari et al. 2012; Kim et al. 2013; Kumaki

et al. 2011).

Plaque reduction assay

The lungs were removed and kept on ice prior to and

during homogenization in a tube with 1 mL of Dulbecco’s

modified Eagle’s medium (DMEM). The lung homo-

genates were centrifuged (4 �C, 10009g for 15 min).

MDCK cells were plated in 12-well plates and cultivated at

37 �C for 24 h in a 5 % CO2 incubator to reach confluence.

The cells were then inoculated with supernatants from lung

homogenates for 1 h at 37 �C. After washing with PBS, the
cells were overlaid with 1 mL MEM containing 10 %

bovine serum albumin (BSA), 0.6 % agarose, and 1.5 lg/
mL TPCK-trypsin, followed by incubation for 48 h at

37 �C. The cells were fixed with 4 % formaldehyde solu-

tion for 30 min and 1 % crystal violet solution was used to

stain the cells for 30 min. The plaques were counted by

visual examination (Hokari et al. 2012).

Determination of lung index

In order to calculate the lung index (weight of lung/weight

of mouse), six mice per group were euthanized on day 5

post-infection and their lungs were removed and weighed

(Bing et al. 2009; Chen et al. 2011).

Western blotting analysis

Lungs collected on day 5 post-infection were homogenized

and lysed in RIPA to obtain total proteins. Sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on

10 % gels was used to separate equal amounts of total

protein. Proteins were then transferred to polyvinylidene

difluoride membranes, and blocked with 5 % skim milk in

Tris buffer saline (TBS) containing 0.1 % Tween 20 and

immunoblotted with anti-hemagglutinin (HA) antibodies

(Sino Biological Inc., China) and anti-b-actin antibodies

(Abcam, USA). Bound antibodies were detected by incu-

bation with horseradish peroxidase (HRP)-labeled sec-

ondary antibodies.

M gene mRNA expression in the lungs

Lungs were collected on days 3 and 5 post-infection were

stored in RNALater (Ambion, Austin, TX, USA), and
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homogenized for isolation of total RNA using TRIzol

(Sigma-Aldrich, St Louis, MO, USA) according to the

manufacturer’s protocol. Quantification of M and GAPDH

gene expression was carried out by quantitative real-time

reverse transcription polymerase chain reaction (qRT-PCR)

conducted using an ABI 7500 instrument (Applied

Biosystems, Foster City, CA, USA). The primer sequences

for the M gene were as follows: forward 50-GCGTCTA
CGC/TTGCAGTCC-30 and reverse 50-GACCAATCTTG
TCACCTCTG/AACT-30. The primer sequences for the

GAPDH gene were as follows: forward 50-AGGTCGGTG
TGAACGGATTTG-30 and reverse 50-TGTAGACCATG
TAGTTGAGGTCA-30 (Yazawa et al. 2011).

Cytokines in serum

Serum samples from mice were collected on days 3 and 5

post-infection. An immunoassay formatted on magnetic

beads containing fluorescently dyed beads conjugated with

antibodies directed against the desired cytokines was used

for cytokine measurement (Bio-Plex Pro Cytokine, Che-

mokine, and Growth Factor Assay; Bio-Rad Laboratories,

Hercules, CA, USA), according to the manufacturer’s

instructions. Briefly, serum samples were diluted (1:3) with

sample diluent and incubated with antibody-coupled beads.

Unbound proteins were removed by a series of washes and

biotinylated detection antibodies were then added to form

sandwich complexes. The final detection complexes were

formed after streptavidin-phycoerythrin conjugate was

added. Phycoerythrin served as a fluorescent indicator or

reporter. Cytokine levels were determined using a Bio-Plex

200 system. The cytokines concentrations were calculated

using Bio-Plex Date Pro software (Zhu et al. 2015).

Lung histopathology examination

The lungs collected on day 5 post-infection were fixed in

4 % neutral formalin, routinely processed, and stained with

hematoxylin and eosin (H&E) for histopathological

examination. The histological changes were observed and

recorded under a microscope by a pathologist who was

blind to the grouping (Li et al. 2011, 2012; Lin et al. 2012;

Pugh et al. 2015).

Statistical analysis

Data for lung indexes, relative levels of M mRNA, cyto-

kine expression, and virus titers were compared with con-

trol values by one-way analysis of variance (ANOVA). The

survival data were using the Kaplan–Meier method. Dif-

ferences with p values of\0.05 were considered statisti-

cally significant.

Results

Mouse survival

The therapeutic potential of phillyrin against influenza A

virus infection was determined by a mouse model of

influenza A virus infection. Survival rates were measured

every day post-infection. As shown in Fig. 1b, treatment

with phillyrin (i.p., 20 or 30 mg/kg) could significantly

prolong the mean survival time of mice, as analyzed by

Kalpan–Meier method (p\ 0.05) (Kumaki et al. 2011;

Kurokawa et al. 2002). The mean survival times were 14,

6.5, 13.5, 8.7, and 7.9 days for the normal control, viral

control, oseltamivir, phillyrin (i.p., 20 mg/kg), and

Fig. 1 The molecular structure of phillyrin a and survival rates of

mice. Mice were infected intranasally with influenza A virus.

Phillyrin and oseltamivir were administrated to the mice for three

consecutive days post-infection. b Survival rates and c mean body

weights of mice were evaluated. Each group included ten mice
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phillyrin (i.p., 10 mg/kg), respectively. Mean body weights

were did not differ significantly among the phillyrin-treated

group, oaseltamivir-treated group, and virus infected group

(Fig. 1c).

Effects of phillyrin on virus titers and lung indexes

After determining the ability of phillyrin to protect the

mice from lethal challenge with influenza A virus, virus

titers in the mouse lungs and the lung index were evalu-

ated. As shown in Fig. 2a, when phillyrin was adminis-

trated at a dose of 20 mg/kg, the virus titers in the lung

homogenates were significantly decreased compared with

those in the virus infected group on day 5 post-infection.

As shown in Fig. 2b, the virus infected group had the

highest lung index, while the lung indices of the oselta-

mivir- and phillyrin- treated groups were significantly

lower. These results suggested that phillirin had the ability

to inhibit viral replication in the lungs of infected mice and

to alleviate the inflammation caused by influenza A virus.

Detection of the levels of HA protein and viral genes

in mouse lungs

To determine if phillyrin inhibited the viral replication in

lungs of mice infected with influenza A virus, the expres-

sion levels of HA protein and the M gene were detected by

western-blotting and qRT-PCR. As shown in Fig. 2c, the

expression of influenza HA protein in mice infected with

H1N1 was higher than that in mice administered with

oseltamivir or phillyrin on day 5 post-infection. The effects

of phillyrin on viral load in the lung were examined on day

5 post-infection (Fig. 2d). The expression of the M gene

was highest in the virus infected group and lower in all

other groups; however, the difference did not reach sta-

tistical significance in any of group.

Fig. 2 Effects of phillyrin treatment on virus titers in the lung and on the lung index. Mice were euthanized on day 5 post-infection and their

lungs were removed and weighed. Virus titers were determined by plaque assays (a) and the lung indexes (weight of lung/weight of mouse) were

calculated (b). The levels of influenza HA protein were analyzed by western-blotting (c). The relative levels of M mRNA in the lungs were

determined by RT- PCR (D). Compared with mice in the virus infected group: *p\ 0.05, **p\ 0.01 and ***p\ 0.001. NC normal control, VC

viral control
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Effects of phillyrin on cytokine concentrations

in serum

Cytokine levels in sera from infected mice on days 3 and 5

post-infection were measured to determine the mechanisms

through which phillyrin could alleviate the inflammation

caused by influenza A virus. The results showed that

concentrations of interleukin (IL)-6 and granulocyte-mac-

rophage colony-stimulating factor (GM-CSF) in serum on

day 5 post-infection were significantly increased after viral

infection. Administration of phillyrin (20 mg/kg) signifi-

cantly decreased the concentrations of IL-6 and GM-CSF

in the serum of infected mice (Fig. 3). Levels of IL-6 and

GM-CSF in serum on day 3 post-infection were not sig-

nificantly changed as compared with that of the virus

infected group (data not shown). The levels of IL-12 and

interferon (IFN)-c were also decreased following admin-

istration of phillyrin compared with that in the virus

infected group; however, decrease was not significant.

Lung histopathology

The histopathologic changes in mouse lungs following

infection with influenza A virus, which were caused by

influenza A virus were examined by H&E staining on day 5

post-infection. As shown in Fig. 4, microscopic observa-

tion of H&E-stained lung tissue revealed that inflammation

and consolidation were significantly lower in mice treated

with oseltamivir and phillyrin compared with those in viral

control mice, whose pulmonary tissue displayed signs of

severe inflammation and consolidation.

Discussion

Influenza A virus is a major cause of severe respiratory

illness (Garcia-Garcia and Ramos 2006). Because of the

side effects of marketed anti-influenza virus chemical

drugs and the emergence of resistant virus strains, the use

Fig. 3 Effects of phillyrin treatment on the levels of serum cytokines
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of these drugs for the treatment of influenza infections is

limited. Thus, there is an urgent medical need to develop

new anti-influenza compounds against influenza virus

infection (Bijl 2011; Eshaghi et al. 2014; Long 2007;

Loregian et al. 2014; Yoneda et al. 2006). Oleaceae

Fructus Forsythiae, a traditional Chinese medicine, is used

to treat carbuncle, disperse lumps, alleviate stagnation, and

expel wind and heat (Committee 2010; Zhao et al. 2005;

Zhaozhao et al. 2007; Zuo et al. 2003). Extracts of this herb

inhibit the chemotactic cytokines induced by influenza A

virus and suppress influenza A virus FM1 strain replication

(Ko et al. 2005, 2006; Zhaozhao et al. 2007). Phillyrin is

the major chemical constituent of Oleaceae Fructus For-

sythiae and has been reported to attenuate inflammation

caused by lipopolysaccharide (Pan et al. 2014; Zhong et al.

2013). In this study, the protective and anti-influenza A

virus activities of phillyrin in vivo were investigated to

determine whether phillyrin could protect mice infected

with influenza A virus by alleviating viral-induced

inflammation and inhibiting influenza A virus replication.

The results showed that phillyrin-treated groups could

significantly prolong the mean survival time compared

with that in the virus-infected group. Although phillyrin

exhibited lower activity than oseltamivir, our findings

suggested that that phillyrin may be developed as a

potential therapeutic agent in combination with oseltamivir

in oseltamivir-resistant cases in clinical practice.

The innate immune system provides the first line of

defense for recognition and rapidly clearance of pathogens

in mammals. Influenza virus infection may cause inflam-

mation, lung lesions and injury. Early lung inflammation

and excessive early cytokine responses are key contributors

to the high morbidity and mortality associated with influ-

enza infection (Iwasaki and Medzhitov 2011; Kim et al.

2015; Oldstone and Rosen 2014; Price et al. 2015; Woo

et al. 2010). Our results showed that phillyrin could

decrease the lung index and attenuate lung tissue damage.

Thus, these data suggested that phillyrin could significantly

decrease lung inflammation in mice infected with influenza

A virus, consistent with the hypothesis that phillyrin has

anti-inflammatory potential (Pan et al. 2014). In addition,

high serum levels of IL-6 are known to be associated with

disease severity in patients infected with pandemic influ-

enza A virus (Paquette et al. 2012). Our results showed that

phillyrin could significantly decrease the concentration of

IL-6 in the serum of infected mice. In summary, our

findings suggested that phillyrin could reduce inflammation

caused by influenza A virus.

Additionally, we found that phillyrin could also inhibit

viral replication. Influenza A virus replicates and matures

in host cells; the replicated virus is then released to infect

other cells. Viral load is a great reference value for deter-

mining disease progression. In this study, the virus titers

were determined by plaque assays, and the influenza HA

protein was detected by western-blotting. The results

showed that phillyrin significantly inhibited the replication

of influenza A virus. Among the viral proteins of influenza

A virus, the HA protein is not required until the later

Fig. 4 Photomicrographs of the morphology of murine lung tissues (9200) with H&E staining. a Normal control mice; b virus control mice;

c infected mice treated with oseltamivir; d infected mice treated with 10 mg/kg phillyrin; e infected mice treated with 20 mg/kg phillyrin
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phases of virus infection. Viral titer and expression of HA

protein constitute the final stages of the viral life cycle and

are involved in the packaging and egress of assembled

virus particles (Shi et al. 2007). Thus, this may suggest that

the pharmacological effects of phillyrin occur during the

late stages of infection. However, further studies are nee-

ded to clarify the exactly mechanisms through which

phillyrin inhibits viral replication (Ramos and Fernandez-

Sesma 2015; Shi et al. 2007).

In conclusion, our results suggested that phillyrin may

protect mice against influenza A virus infection by reduc-

ing inflammation induced by influenza A virus and

inhibiting viral replication. Thus phillyrin may be devel-

oped as a therapeutic agent for the treatment of influenza A

virus infection (Jiang et al. 2013; Margine and Krammer

2014).
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