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1, 8-Cineol Protect Against Influenza-Virus-Induced

Pneumonia in Mice

Yun Li,! Yanni Lai,' Yao Wang,l Ni Liu,’ Fengxue Zhang,1 and Peiping Xu'?

Abstract—1,8-Cineol is a major monoterpene principally from eucalyptus essential oils and has been
shown to exert anti-inflammatory, antiviral, and inhibitory of nuclear factor (NF)-kB effect. In the pre-
sent study, we evaluated the effect of 1,8-cineol on mice infected with influenza A virus. We found that
1,8-cineol protects against influenza viral infection in mice. Moreover, 1,8-cineol efficiently decreased
the level of IL-4, IL-5, IL-10, and MCP-1 in nasal lavage fluids and the level of IL-1f3, IL-6, TNF-«, and
IFN-y in lung tissues of mice infected with influenza virus. The results also showed that 1,8-cineol
reduced the expression of NF-kB p65, intercellular adhesion molecule (ICAM)-1, and vascular cell
adhesion molecule (VCAM)-1 in lung tissues. Thus, 1,8-cineol appears to be able to augment protection
against [FV infection in mice via attenuation of pulmonary inflammatory responses.
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INTRODUCTION

Influenza A viruses cause pandemic outbreaks and
respiratory tract infections in animals and humans every
year with high mortality and morbidity [1]. Viral pneumo-
nia is a common complication of influenza virus (IFV)
infection and leads to higher mortality. Upon IFV infection
of the respiratory tract, epithelial cells and leukocytes
activate transcription factors that induce both innate and
adaptive immune responses, with production of cytokines
and chemokines [2—4]. The excessive proinflammatory
cytokines and chemokines and recruitment of innate im-
mune cells into the lungs are hallmarks of influenza virus
infection [5]. Current therapeutic strategies for influenza
include M2 ion channel inhibitors (e.g., amantadine and
rimantadine) [6, 7], neuraminidase (NA) inhibitors (e.g.,
oseltamivir and zanamivir) [8], and RNA polymerase
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inhibitors (e.g., ribavirin) [8]. However, the emergence of
influenza virus strains resistant to these antivirals has be-
come a global health concern [9]. Modulation of the host
proinflammatory response might thus represent a comple-
mentary therapeutic strategy, with an advantage over anti-
virals in terms of avoiding the emergence of drug-resistant
variants [10].

1,8-Cineol (eucalyptol, C1I0H180), the chemical
structure of which is shown in Fig. 1, a major monoterpene
principally from eucalyptus essential oils [11], is tradition-
ally used to treat upper and lower airway diseases, such as
chronic sinusitis, bronchitis, chronic obstructive pulmo-
nary disease, and bronchial asthma [12—14]. Research has
demonstrated that 1,8-cineol has a variety of pharmacolog-
ical activities, including antiviral [15], anti-inflammatory
[16], antinociceptive [16], and antimicrobial [17, 18]
actions.

Notably, 1,8-cineol has been paid more attention due
to its anti-inflammatory activity and inhibition of nuclear
factor (NF)-kB. 1,8-cineol has been identified as an active
substance with anti-inflammatory and antioxidant proper-
ties [19, 20]. 1,8-cineol strongly inhibits tumor necrosis
factor (TNF)-a and IL-1f3 level [12, 21]. Likewise, 1,8-
cineol is also known to inhibit directly signaling via NF-kB
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Fig. 1. Structure of 1,8-cineol.

[22]. Previous studies have shown that proinflammatory
cytokines are markedly elevated during influenza virus
infection, and this “cytokine storm” is hypothesized to be
the main cause of mortality [23, 24]. NF-kB is the main
regulator of cytokine and chemokine production in influ-
enza [2, 25]. Inhibitors of NF-kB can block virus replica-
tion as well as inhibiting host inflammatory responses [26].
The ability of 1,8-cineol to inhibit cytokine production and
NF-kB led to the hypothesis that 1,8-cineol could be a
therapy against pulmonary inflammation caused by influ-
enza virus infection.

In the present study, we evaluated the effect of 1,8-
cineol on mice infected with influenza HIN1 (A/FM/1/47).
The effects of 1, 8-cineol on the expression of NF-kB,
intercellular adhesion molecule (ICAM)-1, and vascular
cell adhesion molecule (VCAM)-1 in lungs and the levels
of proinflammatory cytokines in nasal lavage fluids and
lung were also investigated in IFV-infected mice.

MATERIALS AND METHODS

Animals and Virus

Specific-pathogen-free (SPF), 8-week-old female
BALB/c mice (Medical Experiment Center of Guangdong

Province, Guangzhou, China) were used after 24 h quar-
antine and were fed standard mouse chow and tap water ad
libitum for the duration of the studies. The study was
approved by the Animal Care and Use Committee of the
Guangzhou University of Chinese Medicine (Guangzhou,
China). Humane endpoints are chosen in the experimental
animals (e.g., survival study) via euthanasia and use of
anesthesia.

The strain of influenza virus, A/Font Monmouth/
47(HIN1, FM1), mouse adapted, was originally obtained
from Chinese Center for Disease Control and Prevention
(CDC). The virus was adapted to replication in the lungs of
BALB/c mice by eight sequential passages through mouse
lungs. The received virus had been plaque purified in
MDCK cells followed by replication in 9-day-old chicken
embryos and then in MDCK cells. The virus pool was
pretitrated in mice prior to performing these studies to
determine an appropriate challenge dose.

Compounds

1,8-Cineol was acquired from Shanghai yuanye Bio-
Technology Co., Ltd. (Shanghai, China; Purity >99 % by
high-performance liquid chromatography (HPLC); Lot:
Y16D5S1) and diluted with sterile saline (suspended in
0.5 % Tween 80) to the desired concentrations. Oseltamivir
was purchased as Tamiflu capsules from Hoffmann-La
Roche Ltd. (Basel, Switzerland; Lot: B3014) and diluted
with sterile saline.

Murine Model of Influenza Infection

Mice were randomly divided into 6 groups of 10:
negative control group (NC); IFV control group (IFV-C +
sterile saline, suspended in 0.5 % Tween 80); 1, 8-cineol
groups (HINI virus + 1,8-cineol 30, 60, and 120 mg/kg);
and positive control oseltamivir (10 mg/kg). The dose of
influenza virus used to induce infection was performed as
described previously [27]. The challenge inoculation of
approximately 10°-° cell culture infectious doses
(CCIDsp)/mouse equated to five 50 % mouse lethal
challenge doses (MLDs). Mice (excluding NC group)
were infected intranasally with 50 pL of 15 MLDs, of
influenza virus in sterile phosphate-buffered saline (PBS),
pH 7.2 under light anesthesia. BALB/c mice were treated
by oral gavage with 1, 8-cineol (30, 60, and 120 mg/kg) or
oseltamivir (10 mg/kg) for 2 days before viral challenge
and received concomitant treatment for 5 days after infec-
tion. On day 6 post-infection, 10 mice per group were
sacrificed to collect related samples, measure body weight
and lung wet weight, and detect the viral load, cytokine,



1584

pathological changes, ICAM-1, VCAM-1, and NF-kB ex-
pression in the lungs.

Survival Experiments

Mice were anesthetized in a chamber containing ab-
sorbent cotton saturated with 30-ml diethyl ether for about
30 s and infected intranasally with 5 MLDs of influenza
virus in sterile PBS (pre-cooled). BALB/c mice were treat-
ed with 1,8-cineol or oseltamivir (oral administration) for
2 days before infection. Mice received concomitant these
treatment after infection for 5 days and were monitored
daily for 15 days post-infection. For the IFV-C group, the
mice were only given saline (0.5 % Tween 80) at the same
intervals. Mice were observed continuously daily for
weight loss, survival, and clinical symptoms of illness
(e.g., ruffled fur, inactivity, poor appetite, hunched posture,
and rapid shallow breathing) for 15 days after infection to
assess the survival rate.

Lung Index

The severity of pulmonary edema was assessed by
lung index. Mouse body weight was measured, and the
lungs were removed and washed. The lung index was
calculated following lung weight/body weight ratio’s mul-
tiplication by 100 %.

Lung Pathology

The lungs of mice were fixed in 10 % PBS-buffered
formaldehyde, dehydrated in graded ethanol, and embed-
ded in low-melting point paraffin. Five-micrometer pieces
were sectioned and stained with HE and then examined
under microscopy in a double-blinded manner. Lung injury
score were assigned between 0 (normal) and 4 (severe)
based on the following criteria: necrotic bronchiolar and
bronchial epithelium’s presence; serocellular exudates in
the bronchiolar and bronchial lumina; inflammatory cells
(predominantly lymphocytes and neutrophils) in the bron-
chiolar, peribronchiolar and alveolar interstitium; alveolar
or peribronchiolar collapse (atelectasis); and diffuse or
multifocal interstitial edema. A score of 0 represented no
damage, 1 mild damage, 2 moderate damage, 3 severe
damage, and 4 very severe histological changes [28].

Viral Load Analysis

The viral load in the lungs was determined as previ-
ously described [27]. The lungs were homogenized and
centrifuged at 4000xg for 15 min at 4 °C. Total RNA was
extracted using the RNeasy kit (Invitrogen, Carlsbad, CA,
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USA). Total RNA was reverse transcribed into cDNA
using the RevertAid First Strand cDNA Synthesis Kit
(MBI Fermentas, Vilnius, Lithuania) according to the pro-
tocol of the manufacturer. The primer sequences for influ-
enza A virus (A/Font Monmouth/1/47), which were de-
signed by Primer-BLAST from NCBI, for quantitative
polymerase chain reaction (QPCR) of the IFV M gene were
the following: forward 5'-AATGGTGCAGGCGAT
GAGAG-3' and reverse 5'-TACTTGCGGCAACAAC
GAGAG-3'. GAPDH primers were used as internal con-
trols of cellular RNAs: forward 5'-CCTCGTCCCGT
AGACAAAATG-3' and reverse 5'-TGAGGTCAATGAA
GGGGTCG-3'. Quantitative reverse transcriptase PCR
(qRT-PCR) was conducted using a Platinum SYBR Green
qPCR SuperMix-UDG kit (Invitrogen) in an ABI StepOne
gPCR machine (Applied Biosystems, Foster city, CA,
USA) with the following parameters: 95 °C for 2 min,
followed by 40 cycles of 95 °C for 15 s, 62.5 °C for 30 s,
and 72 °C for 30 s. Each sample was analyzed three times.
The IFV quantity of PCR products was analyzed according
to the mode for normalized expression (2724, A2t was
calculated as follows: ““ct="ct (target gene) — Act
(reference gene) [29]. Relative quantities of [FV load in the
lungs in the experimental groups compared to the NC group
were calculated after the NC group was normalized to 1.

Cytokine in Lung Homogenate in Mice Infected with
IFV

The mice were euthanized by exsanguination, and the
lungs were removed, homogenized, and centrifuged at
4000xg for 15 min at 4 °C. The supernatants of the lung
homogenates were stored at —80 °C for subsequent analy-
sis of cytokine levels. IL-6, TNF-x, IL-1(3, and IFN-y
concentrations from lung homogenates were measured
using commercially available mouse IL-6, TNF-«, IL-1(3,
and IFN-y ELISA Kit (Multisciences Biotech, Hangzhou,
China) according to the manufacturer’s instructions. Brief-
ly, samples were tested at 1:2 dilutions and biotinylated IL-
6, TNF-«, IL-1f3, and IFN-y antibodies were respectively
applied into 96-well plates pre-coated with monoclonal
anti-mouse IL-6, TNF-«, IL-1f3, and anti-mouse I[FN-y
antibodies. The samples were incubated for 90 min at room
temperature, 90 min at 37 °C, and 2 h at room temperature.
After washing four times, streptavidin—-HRP working so-
lution was added and incubated for 30 min at room tem-
perature. TMB was added and incubated for 30 min at
room temperature and in the dark after washing. The
reaction was stopped with a stop solution, and OD450
was read immediately by an ELISA plate reader (Bio-Tek
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ELx800, Vermont, USA). Purified mouse IL-6, TNF-«,
IL-1(3, and IFN-y (standard) were used to create a standard
curve for the determination of IL-6, TNF-«, IL-1(3, and
IFN-y.

Cytokine in Nasal Lavage Fluids in Mice Infected with
IFV

For collection of nasal lavage fluids, mice were killed,
the skin was removed from the head, and the lower jaw was
cut away. Lavage was performed by introducing a 12-
gauge, blunt-ended, intragastric syringe needle into the
nasal cavity and washing the mucosa with 1-ml sterile
PBS. The nasal lavage fluids were centrifuged for 15 min
at 4000xg and stored at —80 °C before cytokine assay.
Levels of MCP-1, IL-4, IL-5, and IL-8 in the cell-free nasal
lavage fluids were evaluated using ELISA (Multisciences
Biotech, Hangzhou, China). Briefly, samples were tested at
1:2 dilutions and biotinylated anti-MCP-1, IL-10, IL-4, and
anti-IL-5 antibodies were respectively applied into 96-well
plates pre-coated with monoclonal anti-mouse MCP-1,
anti-mouse IL-10, anti-mouse IL-4, and anti-mouse IL-5
antibodies. The samples were incubated for 90 min at room
temperature, 90 min at 37 °C, and 2 h at room temperature,
respectively. After washing four times, streptavidin-HRP
working solution was added and incubated for 30 min at
room temperature. Tetramethylben-zidine was added and
incubated for 30 min at room temperature and in the dark
after washing. The reaction was stopped with a stop solu-
tion, and absorbance was read immediately at 450 nm by
an ELISA plate reader (Bio-Tek ELx800, Vermont, USA).

ICAM-1, VCAM-1, and NF-kB p65 Expression in the
Lung

Whole lung tissues were homogenized in radio-
immunoprecipitation assay (RIPA) buffer (Exon Biotech-
nology Inc, Guangzhou, China) and lysed in SDS-PAGE
sample buffer, boiled, centrifuged and the supernatant re-
covered. The homogenate was centrifuged at 12,000xg for
S min at 4 °C. Protein was quantified with a BCA Protein
Assay Kit (Exon Biotechnology Inc, Guangzhou, China).
The protein samples (20 mg) were separated by 10 % SDS-
PAGE and transferred to polyvinylidene fluoride (PVDF)
membranes (Exon Biotechnology Inc, Guangzhou, China).
The membranes were soaked in methanol for 1-2 min.
Immunoblotting was assayed using anti-NF-kB
p65(1:200), anti-ICAM-1 (1:200) and anti-VCAM-1
(1:300) antibodies (Santa Cruz Biotech, Santa Cruz, CA,
USA), or anti-GAPDH antibody (1:5000; Santa Cruz Bio-
tech, Santa Cruz, CA, USA) overnight. The secondary

antibody (horseradish-peroxidase-conjugated goat anti-
rabbit immunoglobulin, 1:5000, Abcam, Cambridge, UK)
was added and incubated at room temperature for 1 h. The
immunodetection was done using a chemiluminescence
detection kit (Guangdong Yuechua Medical Instrument Fac-
tory Co., Shantou, China). The relative protein level was
normalized to GAPDH. The bands density was quantified
using the Gel analysis software (GelPro5.0, Media Cyber-
netics, Bethesda, MD, USA) via calculating the average
optical density in each field.

Statistical Analysis

All data were expressed as means + SD, and statistical
analysis was performed with the PASW for Windows, ver-
sion 18.0 (SPSS, Chicago, IL, USA). Multiple group com-
parisons were performed using one-way analysis of vari-
ance followed by least significant difference test to detect
inter-group differences. Analysis of variance (ANOVA)
followed by Tukey’s multiple comparison tests was used.
P<0.05 was considered to be statistically significant.
Kruskal-Wallis test was used in the lung injury score. For
survival studies, a log-rank (Mantel-Cox) test was used.

RESULTS

1,8-Cineol Treatment Protected Mice from Influenza
Challenge

The protective efficacy of 1, 8-cineol in IFV-infected
mice was evaluated. The infected mice exhibited clinical
symptoms on day 3 post-inoculation with IFV. By day 6,
more severe clinical signs of infected mice were present,
including inactivity, ruffled fur, poor appetite, rapid shal-
low breathing, and weight loss.

1,8-Cineol or oseltamivir can relieve the clinical signs
in mice. The infected mice began to die from day 4 post-
inoculation, reaching a plateau on day 9 (Fig. 2b). The
body weight of the infected mice was significantly de-
creased on days 3-9 post-inoculation compared with the
NC group (Fig. 2a). However, survival rates and body
weight were higher in the oseltamivir-treated mice and in
the 1,8-cineol (60 and 120 mg/kg)-treated mice than those
in the IFV-C group. Mice in the IFV-C group did not
survive beyond 15 days after infection. The average sur-
vival time of mice in the IFV-C group was 5 days. 1,8-
cineol treatment (30, 60, and 120 mg/kg) significantly
prolonged the survival time of mice after infection
(Fig. 2b-c). Therefore, inhibition of the mortality rate and
body weight loss, or maximizing survival time, was
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Fig. 2. 1,8-Cineol treatment protected mice from influenza challenge. BALB/c mice (rn = 10) were treated for 2 days before viral challenge and 6 days after infection
and monitored daily for signs and symptoms, body weight loss, and survival for 15 consecutive days. a Body weight; b survival rate; ¢ survival time. Values are
mean + SD. Asterisks denote the significance levels: one asterisk p <0.05, two asterisks p<0.01, and three asterisks p<0.001, compared with IFV-C group.

observed in 1,8-cineol- and oseltamivir-treated mice. None
of the mice in the NC group showed any clinical signs or
died, and their body mass increased over the course of the
experiment. This indicates that 1,8-cineol can protect mice
from influenza virus challenge.

1,8-Cineol Attenuated Pulmonary Inflammation in
Mice

To assess the pathological changes, HE staining and
lung injury score were studied. On day 6 post-inoculation,
lung lesions in infected mice were characterized by inflam-
matory cellular infiltrate, peribronchiolitis with edema and
inflammatory cellular infiltrate around the bronchioles, and
interstitial edema around the small blood vessels (Fig. 3a-
IFV-C). However, after 1,8-cineol treatment, the patholog-
ical changes in the lung tissues were relieved. Mice in the
NC group showed no histological changes. Lung histopa-
thology score of virus-infected mice treated with 1,8-cineol
(30-120 mg/kg) was lower compared with that of the [FV-
C group (Fig. 3b). In the IFV-C group, lung index was
significantly increased compared with that in the NC group
on day 6 post-infection (p <0.01). Nevertheless, lung in-
dex significantly decreased after 1,8-cineol administration
(Fig. 3c). Oseltamivir had a similar effect on lung index

decrease. Treatment with 1,8-cineol (30-120 mg/kg) sig-
nificantly suppressed the mRNA expression of influenza
virus M gene, as compared to the IFV-C group (Fig. 3d).
This indicates that 1,8-cineol alleviates the inflammatory
effect of influenza virus.

Influence of 1,8-Cineol on Cytokine and Chemokine
Production in Nasal Lavage Fluids

IL-4, IL-5, IL-10, and MCP-1 in nasal lavage fluids
were measured by ELISA. Mice in the NC group produced
low levels of all basal cytokines/chemokines tested. 1L-4,
IL-5, IL-10, and MCP-1 in nasal lavage fluids in the mice
with HIN1 influenza virus infection were markedly higher
on day 5 post-inoculation than in the NC group. Influenza
virus-induced cytokine secretion was reduced by 1,8-
cineol. Similar to 1,8-cineol, oseltamivir also decreased
influenza virus-induced cytokine secretion (Fig. 4).

1,8-Cineol Inhibited Influenza Virus-Induced Changes
in Cytokine Levels in Lung Homogenates

Elevation of proinflammatory cytokines is a typical
response to influenza virus infection, so we established if
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Fig. 3. 1,8-Cineol alleviated the severity of HIN1-induced lung injuries at day 6 post-infection (n = 6—10). a Pathological changes of lung tissues (HE, x100);
b pathological scores; ¢ lung index; d relative quantitation of influenza A virus in the lung. Data were presented as mean =+ SD. Asterisks denote the
significance levels: one asterisk p <0.05, two asterisks p<0.01, and three asterisks p <0.001, compared with IFV-C group.

1,8-cineol affected virus-induced release of proinflamma-
tory cytokines.

Lung tissues were harvested from the mice after in-
fluenza virus infection, and cytokines (IL-1f3, IL-6, TNF-
«, and IFN-y) were analyzed. The levels of IL-1f3, IL-6,
TNF-«, and IFN-y in lung homogenate were significantly
increased 5 days post-infection, compared with those of the
NC group (Fig. 5). However, 1,8-cineol (60—120 mg/kg)
significantly attenuated the increases in IL-1[3, IL-6, TNF-
«, and IFN-y levels in lung homogenates. The effect of
oseltamivir on IL-1f3, IL-6, TNF-«, and IFN-y levels was
similar to that of 1,8-cineol. 1,8-Cineol significantly

decreased influenza virus-induced cytokine levels in lung
homogenates.

1,8-Cineol Inhibited Influenza Virus-Induced ICAM-1,
VCAM-1, and NF-kB Expression in the Lungs

To study the mechanism of the anti-inflammatory
effect of 1,8-cineol, ICAM-1, VCAM-1, and NF-kB ex-
pression in lung tissues was analyzed by western blotting.
Influenza virus significantly increased ICAM-1, VCAM-1,
and NF-kB p65 expression (Fig. 6a). 1,8-Cineol signifi-
cantly inhibited the increases in ICAM-1, VCAM-1, and
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NF-kB p65 expression (Fig. 6b—d). Oseltamivir markedly
inhibited ICAM-1, VCAM-1, and NF-kB expression.

DISCUSSION

Influenza virus frequently causes annual epidemics
and sometimes even pandemic outbreaks [30]. The virus
normally infects the upper and lower respiratory tract and
leads to severe pneumonia, acute respiratory distress syn-
drome, and often to death in humans [31]. A/Font Mon-
mouth/1/47 is a mouse-adapted influenza virus with high
virulence, which can induce strong immune responses and
life-threatening pneumonia [32]. In the present study, the
effect of 1,8-cineol on the mice infected with influenza A
virus was evaluated. The present study clearly

demonstrated that 1,8-cineol significantly relieved the
signs and symptoms, reduced body weight loss, and im-
proved the survival rate of HIN1-infected mice. Further-
more, lung lesions, a life-threatening complication, can
also be alleviated by 1,8-cineol. Altogether, these results
suggested that 1,8-cineol had potent protection against
HINTI influenza A virus infection in mice. Therefore, we
speculated that the protective effect of 1,8-cineol on mice
infected with IFV was accomplished by inhibiting the early
recruitment of inflammatory leukocytes to the lungs and
suppressing excessive innate inflammatory responses.
Influenza virus pneumonia is characterized by pro-
gressively inflammation and diffuse bilateral pulmonary
edema, reduced pulmonary compliance, and hypoxemia
[33, 34]. After influenza A virus infection, cytokines are
released by activated neutrophils and macrophages,
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leading to increased alveolocapillary membrane perme-
ability. Inflammatory cell infiltration is induced by influ-
enza virus into lung tissues, causing the release of proin-
flammatory cytokines such as IL-1f3, chemotactic factors
and TNF-« [3, 4]. These changes cause lung edema, alve-
olar hemorrhage, and overwhelming inflammation [35]. In
the present study, we found that 1,8-cineol attenuated
influenza virus-induced lung inflammation. The lower his-
topathology scores of the lungs in cineol-treated mice
revealed that 1,8-cineol might alleviate the development
of pulmonary edema.

Previous studies have shown that MCP-1, IP-10,
RANTES, T cell activation gene 3, and macrophage
inflammatory protein (MIP)-2 mRNA expression in the
lungs are elevated at day 3 after influenza virus infection

[36, 37]. Protein expression of MIP-1a, MIP-1f3, and
MCP-1 increases in nasal lavage fluids in response to
infection [3, 4, 38]. 1,8-Cineol was reported to suppress
inflammatory response in tissues and cells by inhibiting
proinflammatory cytokine production previously, such
as TNF-a and IL-13 [21, 39]. 1,8-Cineol can significant-
ly reduce the leukocyte number in bronchoalveolar la-
vage fluid, including neutrophils and macrophages [40].
According to our data, IL-4, IL-5, IL-10, and MCP-1 in
nasal lavage fluids and IL-1f3, IL-6, TNF-«x, and IFN-y
in lung tissue were noticeably raised by influenza virus
infection. Meanwhile, 1,8-cineol reduced the upregulat-
ed proinflammatory cytokines in nasal lavage fluids and
lung tissue. In present study, oral administration of 1,8-
cineol (30-120 mg/kg) significantly decreased TNF-o
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protein. ¢ Semi-quantitative analysis of ICAM-1 protein. d Semi-quantitative analysis of VCAM-1 protein. Values are mean + SD. Asterisks denote the
significance levels: one asterisk p <0.05, two asterisks p <0.01, three asterisks p <0.001, compared with IFV-C group.
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level. TNF-«, a proinflammatory cytokine produced by the
innate immune system’s cells following viral infection, has
a significant role in priming epithelial cells for higher
cytokine and chemokine production in influenza A viral
infection [41]. Our findings confirm that the protective
effect of 1,8-cineol on mice infected with IFV may be
attributed to the inhibition of pulmonary inflammatory
responses.

Adhesion molecules, such as VCAM-1 and
ICAM-1, are expressed on bronchial microvessels
and participate in accumulation and leukocyte recruit-
ment [42]. ICAM-1 and VCAM-1 expression were
upregulated on the surface of alveolar endothelial
cells upon influenza A virus infection [43]. The de-
crease in ICAM-1 and VCAM-1 on the cell surface
can reduce the susceptibility to and severity of infec-
tion [44]. In our current study, analyses of cellular
adhesion molecule expression on mouse lungs in
response to HIN1 virus infection revealed upregula-
tion of ICAM-1 and VCAM-1, which were subse-
quently inhibited by 1,8-cineol. This indicates that
1,8-cineol is effective in decreasing the adhesion
molecules expressed, to protect the host from contin-
ual viral infection.

Influenza virus infection leads to the activation of a
variety of intracellular signaling pathways that are in part
exploited by the virus to support efficient replication. Ac-
tivation of NF-kB is one of the hallmarks of host cell
response to invasion by influenza virus [45]. NF-kB is
the main regulator of cytokine and chemokine production
in influenza [45, 46]. Influenza virus infection initiates
transcription of a variety of genes for cytokines such as
TNF-o, TNF-f3, IL-le, IL-1p3, IL-2, IL-4, IL-6, IL-10,
ICAM-1, and IFN-y [47]. Overexpression of cytokines
and chemokines induced by influenza virus infection is
dependent on the NF-kB signaling pathway [47, 48]. Pre-
vious study showed that 1,8-cineol can inhibit nuclear
translocation of NF-kappaB p65 and NF-kappaB-
dependent transcriptional activity [20, 22, 49]. In present
study, compared with the IFV-C group, the expression of
NF-kB p65 (the major component of NF-kB) was signifi-
cantly decreased in the lung after influenza virus challenge
in cineol-treated mice.

The exact mechanisms of 1,8-cineol activity in
influenza infection require further clarification. One
possibility is that the inhibition of signaling via NF-
kB. NF-kB activation not only is a hallmark of the
host cell response to invasion by influenza virus, but
is the main regulator of cytokine and chemokine
production in influenza [45]. During replication, the

influenza virus activates the Raf/MEK/ERK-cascade
and the transcription factor NF-kB. This results in
both virus supportive and antiviral effects by promot-
ing viral genome transport for virus assembly and by
inducing expression of proinflammatory host factors
[50]. 1,8-Cineol treatment might interfere with this
chain of events by inhibiting signaling via NF-kB
during influenza infection, suppressing virus produc-
tion and inflammatory responses.

To summarize, our study supports new evidence
that 1,8-cineol blocks cytokine production and inhibits
viral pneumonia in mice infected with influenza A
virus. However, the underlying mechanism of action
of 1,8-cineol still needs to be investigated in other
subtypes and strains of influenza virus. As combination
therapy with anti-inflammatory drugs and antiviral
drugs has become an important research topic [51],
the combination of an anti-inflammatory agent and
NF-kB inhibitor, 1,8-cineol, with an antiviral, e.g.,
oseltamivir, may have a synergistic effect against influ-
enza virus infection. Further study using mice models
will be needed to characterize the effectiveness of the
combination therapy on influenza virus-induced pneu-
monia. In addition, This potential role of 1,8-cineol in
patients with pneumonia caused by influenza virus
needs to be further investigated in clinical studies.

ALI acute lung injury; HE, hematoxylin and eosin;
ICAM, intercellular adhesion molecule; IFV, influenza
virus; IFV-C, influenza virus control; IL, interleukin;
MCP, monocyte chemotactic protein, MIP, macrophage
inflammatory protein; MLDs,, 50 % mouse lethal chal-
lenge doses; NC, negative control; NF, nuclear factor;
TNEF, tumor necrosis factor; VCAM, vascular cell adhesion
molecule
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