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Antiviral activities of atractylon from Atractylodis Rhizoma
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Abstract. Atractylodis Rhizoma is a traditional medicinal
herb, which has antibacterial, antiviral, anti-inflammatory
and anti-allergic, anticancer, gastroprotective and neuropro-
tective activities. It is widely used for treating fever, cold,
phlegm, edema and arthralgia syndrome in South-East Asian
nations. In this study, 6 chemical compositions of Atractylodis
Rhizoma were characterized by spectral analysis and their
antiviral activities were evaluated in vitro and in vivo. Among
them, atractylon showed most significant antiviral activities.
Atractylon treatment at doses of 10-40 mg/kg for 5 days
attenuated influenza A virus (IAV)-induced pulmonary
injury and decreased the serum levels of interleukin (IL)-6,
tumor necrosis factor-o and IL-1f, but increased interferon-f3
(IFN-B) levels. Atractylon treatment upregulated the expres-
sion of Toll-like receptor 7 (TLR7), MyD88, tumor necrosis
factor receptor-associated factor 6 and IFN-f mRNA but
downregulated nuclear factor-kB p65 protein expression in the
lung tissues of IAV-infected mice. These results demonstrated
that atractylon significantly alleviated IAV-induced lung injury
via regulating the TLR7 signaling pathway, and may warrant
further evaluation as a possible agent for AV treatment.

Introduction

Influenza A virus (IAV) causes significant epidemics of respi-
ratory disease and deaths in humans (1). The rapidly increasing
prevalence of drug resistance and frequent mutations in
strain (2), leads to failure of flu vaccine and neuraminidase
inhibitor, which demonstrated that there is need for develop-
ment of novel treatments (3-5). Since TAV infection is a threat
to public health, it is critical to develop anti-IAV drug.
Atractylodis Rhizoma 1is rootstock of Atractylodes
lancea (Thunb.) DC. or Atractylodes chinensis (DC.) Koidz.,
which belongs to the Asteraceae family. This herb is mainly
distributed in the region of East China such as Jiangsu,
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Henan, Shanxi and Shanxi provinces and is used as crude
extracts/decoctions or a component in various herbal formula-
tions for centuries (6). It is described as a basic component of
antiviral, anti-inflammatory, hepatoprotective, and anticancer
agents. It aids digestion medicines in the authoritative medical
book of Ancient China ‘Compendium of Materia Medica’ and
2015 version of ‘Chinese Pharmacopoeia’, with daily dose
of 3-9 g. In folk medicine, it has been used as a remedy for
the treatment of pulmonary and digestive system diseases for
several centuries. Especially in Jiangsu, Zhejiang, and other
coastal areas, it was always compatible and decocted with
other natural medicinal plants (such as Saposhnikoviae Radix
and Notopterygii Rhizoma et Radix) to prevent cold and flu in
popular medicine (7).

Previously, biological studies reported that it has various
pharmacological actions, such as antibacterial, antiviral,
anti-inflammatory and anti-allergic, anticancer, gastroprotec-
tive and neuroprotective activities (8-11). Results from the
toxicity studies in animal models suggested safety profiles
of A. lancea and its active constituents. Wang et al in 2015
reported that codonolactone, a sesquiterpene lactone from
A. lancea, impaired the development of tumor angiogenesis
by downregulating Runx?2 activation to inhibit matrix metal-
loproteinases expression and vascular endothelial growth
factor secretion in endothelial cells (12). Hinesol isolated from
essential oils of A. lancea rhizome inhibited human leukemia
HL-60 cell growth and induced apoptosis through the INK
signaling pathway (13). Atractylenolide I, the major sesquiter-
penoid from A. lancea, has significant antitumor activity in
lung carcinoma cells via a mitochondria-mediated apoptosis
pathway (14). Furthermore, atractylenolide III significantly
inhibited IgE/Ag-mediated degranulation in RBL-2H3 cells
without affecting cell viability (15). The anti-allergic activity
of it may depend on the inhibition of Akt, p38, and JNK kinase
phosphorylation and IgE/Ag-mediated [Ca**]i elevation (16).
However, antiviral properties and possible molecular mecha-
nisms of A. lancea extracts and active constituents against
IAV-induced lung injury remain unknown. In the present study,
protective effects of A. lancea extracts and active constituents
were investigated in vitro and in vivo.

Materials and methods
Virus and reagents. The influenza A/PR/8/34 virus

(HIN1 subtype) and A/shenzhen/203/2001 (H3N2 subtype)
were donated by Professor Yi-Yu Lu from the Zhejiang Center
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Figure 1. Chemical structures of compounds from Atractylodis Rhizoma extracts.

for Disease Control and Prevention (Zhejiang, China). The
infection was induced under ether anesthesia by intranasal
inoculation of IAV, which was adapted to mouse lungs with
tissue culture infective dose (TCID50) 102, This virus caused
pneumonia in mice.

Extraction and isolation. The herb was purchased from
Huadong Pharmacy (Shanghai, China), and identified by
Dr Jiaqi He, Zhejiang Chinese Medical University (Zhejiang,
China). The voucher specimen (reference no. Y20141022)
has been deposited at Pharmaceutical Department, Zhejiang
Medical College (Shanghai, China).

Dried powders of Atractylodis Rhizoma (100 g) was
extracted with 600 ml of 95% (v/v) ethanol for 2 h at 90°C
to give an extract (9.6 g) which was suspended in 100 ml of
deionized water as the test sample ‘ethanolic extract’. Another
100 g of powder was extracted with 600 ml of deionized water
for 2 h at 90°C, then the supernatant was concentrated to
100 ml as the test sample ‘aqueous extract’.

Supercritical carbon dioxide (CO,) extraction (SCE) was
performed at pressure of 350 bar, temperature of 50°C for a
duration of 60 min dynamic extraction time using HA121
supercritical fluid extractor (Huaan instrumental factory,
Jiangsu, China). Ethanol (99.9%) was used as modifier with
a flow rate of 5 ml/min. The supercritical CO, flow rate was
set at 15 g/min and the duration of static extraction time was
fixed to 30 min. Solvent was removed and the yield obtained
was 5.8%. The concentration of SCE prepared for in vitro
studies was 1 mg/ml in phosphate buffer saline.

The supercritical CO, extract (50 g) was subjected to
a silica gel column using petroleum ether (boiling point
60-90°C) and EtOAc (30:1-1:1, v/v) to obtain compound 4
(6 mg), 3 (2 mg), 5 (50 mg), 6 (4 mg), 1 (10 mg) and 2 (13 mg),
respectively. The structures of the compounds were deter-
mined using spectroscopic techniques including ultraviolet
(UV), mass spectrometry, 1H and 13C NMR spectrometry

(Fig. 1).

Antiviral activity and cytotoxicity assay. The anti-viral
activities of the extracts and compounds were measured by
the cytopathic effect (CPE) inhibition assay (17). Briefly,
100 pl of virus suspension (200TCIDS50) was added to

the Madin-Darby canine kidney (MDCK) cells in 96-well
plates cultured for 60 min, followed by washing virus with
a medium without serum. Then, the medium containing the
desired concentration of test compounds was added. After
incubation at 37°C in a 5% CO, incubator for 3 days, the
culture was fixed and counted for the plaque numbers. The
IC,, of the CPE with respect to virus control was estimated
using the Reed-Muench method.

To test for cytotoxicity, 100 pl of maintenance medium
containing serial 2-fold dilutions of the test compounds was
added in 96-well culture plate in which each well contained
a concentration of 5,000 cells/100 ul. Control cells were
incubated without test compounds but with DMSO (0.2%).
After cells were cultured at 37°C in a 5% CO, incubator for
3 days, 20 pl of MTT (5 mg/ml in cell culture medium) was
added to each well and cells were incubated for an additional
3 h at 37°C. The reaction product was determined at 570 nm
with a microplate reader. Cytotoxicity was expressed as the
50% cell-inhibitory concentration (CCs,). The selective index
(SI) is determined as CCs,/ICs,.

Infection model and drug treatment. Male ICR mice of 22+2 g
weight were anesthetized with Et,0. Subsequently, animals
were intranasally challenged with 20 pl of mouse-adapted
10LDs, IAV and then divided into normal control group, virus
control group, ribavirin treatment group and drug treatment
groups (24 mice each group). Atractylon or ribavirin was
intragastrically administered to experimental groups once
daily for 5 days, beginning 2 h after infection. For the model
control group, the mice were only given saline at the same
intervals. The mice were observed daily for changes in weight,
and survivability (18). To monitor the histological changes
and challenge dose of the virus in the lungs of IAV-infected
animal, 10 mice per group were sacrificed to calculate lung
index and viral load after day 6 post-infection.

Serum cytokine analysis. After 5 days of treatment, the body
weight of the animals were measured on sacrifice. Blood
samples were collected and centrifuged at 3,000 x g for
20 min to obtain the serum, which was stored at 4°C until use.
The serum levels of interferon-f (IFN-f), interleukin (IL)-6,
tumor necrosis factor (TNF)-a, and IL-1p were determined
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Table I. Sequences of primers used for the RT-qPCR assays.
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Gene Primer sequences (5'-3") Size (bp) Annealing (°C)
TLR7 F: GGCATTCCCACTAACACCACCAA 143 63
R: GCTTTGGACCCCAGTAGAACAGG
TRAF6 F: GAATCACTTGGCACGACACTT 227 63
R: GAGTTTCCATTTTGGCAGTCA
MyDS88 F: GGATGGTAGTGGTTGTCTCTGA 145 63
R: CTGGGGAACTCTTTCTTCATTG
IFN-B F: ATCCTCCAAACAACTCTCCTGT 105 63
R: CTCCTGACACTCCAAACTGCT
18S (internal reference) F: CGGACACGGACAGGATTGACA 94 63

R: CCAGACAAATCGCTCCACCAACTA

RT-qPCR, reverse transcription quantitative polymerase chain reaction; TLR7, Toll-like receptor 7; TRAF6, tumor necrosis factor

receptor-associated factor 6; IFN-f, interferon-f3.

Table II. Antiviral activities of Atractylodis Rhizoma extracts and compounds against influenza virus in MDCK cells by the

CPE assay.
HINI H3N2

Samples CCy, ICy, SI ICy, SI
Ethanolic extract 885.0 348.7 25 350.4 2.5
Supercritical CO, extract 1407.5 294 4 4.8 3103 4.5
Aqueous extract 1335.0 ND ND ND ND
Atractylenolide I 2035 24.1 84 35.1 5.8
Atractylenolide III 191.2 244 7.8 28.6 6.7
Hinesol 181.3 542 33 512 35
(+)-o-curcumene 137.7 184 75 22.1 6.2
Atractylodin 1624 ND ND ND ND
Atractylon 261.4 8.9 294 94 27.8
Ribavirin 116.30 142 82 10.7 109

ND, not determined; MDCK, Madin-Darby canine kidney; CPE, cytopathic effect; SI, selective index.

by enzyme linked immunosorbent assay (ELISA). The ELISA
kits used in this study were obtained from Bioval Technologies
(Shanghai, China).

Histopathology. The whole lungs of 10 mice in each group were
removed. A portion of each lung was dissected and fixed in a
10% neutral buffered formalin solution. The remaining lung
tissue was quickly frozen and kept at -80°C for biochemical
analysis. The fixed tissues were routinely processed, embedded
in paraffin, sectioned (4 ym), deparaffinized, and rehydrated
according to standard techniques. The tissue sections were
stained with hematoxylin and eosin.

Reverse transcription quantitative polymerase chain reac-
tion (RT-qPCR). The mouse lung samples were homogenized
and extracted with TRIzol reagents to obtain the total RNAs
(Biotechnology Co., Ltd., Shanghai, China). The cDNA was

synthesized according to the kit protocol (Takara Bio, Dalian,
China). The specific primer pairs [i.e., Toll-like receptor 7
(TLR-7), MyD88, tumor necrosis factor receptor-associated
factor 6 (TRAF6) and IFN-f§ and 18sRNA] were designed
and used for the analysis as shown in Table I. These primers
were synthesized by the Biotechnology Co., Ltd. The eukary-
otic 18S rRNA was primarily selected as the housekeeping
gene in this study because of the limited change in its expres-
sion under different experimental conditions.

The amplification reaction was conducted in a 25 ul glass
capillary containing 2 ul of cDNA, 0.5 ul of each of the forward
and reverse primers (i.e., final concentration of each, 0.5 yM),
12.5 ul 2X SYBR-Green, and nuclease-free water for a final
volume of 25 pl for each reaction. The following thermal
profile for the RT-qPCR assays was used in all the primer
sets: 95°C for 1 min, followed by 40 cycles of denaturation at
95°C for 10 sec, annealing at 55°C for 25 sec, and elongation
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Table III. Inhibition of atractylon and ribavirin on IVA-induced acute lung injury.

Groups Dose (mg/kg) Lung index (mg/g) Inhibitory rate (%) Viral load (x10° copies)
Normal control - 7.35+0.51° - -
Model control - 21.26+4.75 - 6.69+0.74
Ribavirin 50 12.68+3.30° 61.7 1.38+0.56°
Atractylon 40 10.90+3.76° 74.5 0.36+0.15°

20 13.08+4.54° 58.8 2.56+0.72°

10 17.43+4.16* 27.5 4.790.84°

Compared with model control group, *P<0.05, °P<0.01. Data shown are means = standard deviation (n=10). IVA, influenza A virus.

Table IV. Protective effects of atractylon and ribavirin in IVA-infected mice.

Groups Dose (mg/kg) Survived/total Survival rate (%) MDD + SD Life prolong rate (%)
Normal control - 20/20 100.0 14.0+£0.0* -
Model control - 3/20 150 79+2.8 -
Ribavirin 50 10/20 50.0 11.1£3.1* 40.5
Atractylon 40 14/20 70.0 12.4+2.6* 57.0

20 11/20 55.0 11.2+3.3* 41.8

10 6/20 30.0 9.3+£3.6* 17.7

Survival rate, the survival rate of the animals; MDD, mean day to death; SD, standard deviation. Compared with model control group, *P<0.01.

IVA, influenza A virus.

Figure 2. Effects of atractylon on influenza A virus (IAV)-induced acute lung injury. Lungs from each experimental group were processed for histological
evaluation. (A) Lung section from the normal control group; (B) lung section from model control group; (C) lung section from IVA-infected and treated
with ribavirin (50 mg/kg). (D-F) The lung section from the IVA-infected and treated with 10, 20 and 40 mg/kg of atractylon, respectively. Representative

histological tissue sections were stained with hematoxylin and eosin.

at 64°C for 25 sec with the acquisition of fluorescent data. The
relative expression levels of the genes were calculated using
the 224 x 10° method.

Statistical analysis. All the values were expressed as mean
values + standard deviation. All statistical analyses were
performed using one-way ANOVA followed by the Tukey's

post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results and Discussion

Atractylodis Rhizoma has been used for treatment of infec-
tions in the upper respiratory tract for thousands of years in
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Table V. Effects of atractylon on serum cytokines in IVA-infected mice.

IL-6 (pg/ml) TNF-a (pg/ml) IL-1P (pg/ml)

Groups Dose (mg/kg) IFN-B (pg/ml)
Normal control - 22.9+2.75
Model control - 24.5+£2.52
Ribavirin 50 23.3+2.79
Atractylon 40 30.8£3.31°
20 29.4+3.27°
10 25.8+2.87

13.6£1.21° 8.64+1.09° 9.15+0.38°
29.8+2.66 18.9+1.37 21.3+£2.06
18.5+£5.99° 13.4+1.54° 21.6+£3.36
12.8+1.16° 9.20+0.77° 13.420.74°
17.4+1.11° 11.8+1.94° 16.5+1.17°
19.5+2.76° 16.2+£2.27° 17.2+1.35°

Compared with model control, *P<0.05, "P<0.01. Data denoted are means + standard deviation (n=10). IVA, influenza A virus; IFN-f,

interferon-f3; IL, interleukin; TNF-a, tumor necrosis factor-a.

Asia (19). To elucidate its mechanism and chemical basis, the
extracts of the herb for antiviral activities in MDCK cells
were assessed by CPE reduction assay. To obtain the bioac-
tive component related to its antiviral activity, the herb was
extracted with water, ethanol and supercritical CO, to obtain
different polar extraction. Among these polar extractions, SCE
showed the highest antiviral activity by CPE assay (Table II).
To clarify the chemical compositions of SCE, the mobile
phase consisted of petroleum ether and EtOAc was used as
gradient elution for separation with the silica gel column.
Six compounds were isolated and then identified by using
spectroscopic techniques including UV, mass spectrometry,
1H and 13C NMR spectrometry. Compared with the spectral
data reported in previous literature (20-22), their chemical
structures were characterized to be atractylenolide I (1), atrac-
tylenolide III (2), hinesol, a-curcumene (4), atractylon (5) and
atractylodin (6), respectively, as shown in Fig. 1.

The CPE assay showed that except atractylodin, another
5 compounds had obvious antiviral activities. In particular, the
sesquiterpene lactone atractylon had most potent bioactivity
with values of SI (29.4 for HIN1 and 27.8 for H3N2), which
were approximately 3-fold higher than those of ribavirin.
Recently, many reports have shown that sesquiterpene lactones
as a large class of polyphenolic compounds in our daily food
and plants have been paid more attention due to their various
pharmacological activities such as anti-cancer, anti-inflamma-
tory, antimicrobial, antioxidant and antiviral activities (23-27).
Previous studies also proved that the spatial arrangement of the
terpenoid skeleton fused with an a-methylene-y-lactone moiety
produces maximal antiviral activity (28). Our findings showed
that the sesquiterpene lactones (atractylenolide I, atractyleno-
lide IIT and atractylon) inhibited the formation of agglutination
by TAV suggested the mechanism of the compounds against
influenza virus might be related to blocking the adsorption of
the virus to host cells or inhibiting the replication of virus, but
further investigations have to be done.

To evaluate pharmacodynamic action of atractylon thor-
oughly, protective effects of atractylon on IAV-induced lung
injury and death were observed in vivo. The histological changes
in the lungs of the mice were noted with the aggravation of
the infection. After IAV challenge, lung index was obviously
increased compared to the normal control group (Table III)
since TAV causes red blood cell agglutination and monocytic
infiltration, resulting in interstitial pneumonia and progressive
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Figure 3. Effects of atractylon on Toll-like receptor 7 (TLR7) signaling regu-
lators of lung tissues in influenza A virus (IAV)-infected mice. (A) Real-time
fluorescence quantitative polymerase chain reaction analysis of TLR7,
MyDS88, tumor necrosis factor receptor-associated factor 6 (TRAF6) and
interferon-f (IFN-f) mRNA expression. (B) Western blotting of nuclear
factor-kB (NF-xB) p65 protein expressions. NC, normal control group;
MC, model control group; Atractylon 10, IAV-infected mice treated with
atractylon (10 mg/kg). (C) Quantification of western blotting, values indicate
fold changes compared with internal control (18S rRNA or f$-actin). Data
are presented as means + standard deviation. Compared with model control
group, "P<0.05, "P<0.01.
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lung weight (29,30). The IAV-induced lung injury character-
ized by the presence of interstitial edema, hemorrhage and
infiltration of inflammatory cells could also be observed in the
tissues (Fig. 2). However, oral administration with atractylon
or ribavirin daily for 5 days could significantly inhibit lung
indexes (P<0.05). Moreover, the inhibition of atractylon was
found to proportionally increase in a dose-dependent manner.
The histological damage was improved by the atractylon treat-
ment (10-40 mg/kg). To monitor the infectivity and challenge
dose of the virus in mouse lung, we also determined the viral
loads in the lung by RFQ-PCR analysis (Table IV). Viral
loads in the atractylon-treated groups were drastically reduced
compared with that in the model group (P<0.01). These results
were in accordance with the CPE assay, indicating that atrac-
tylon could directly inhibit viral replication.

Innate immunity is the primary line of antiviral
defense (31). This type of immunity allows the infected and
neighboring cells to establish an early antiviral state in the
host after virus exposure. Innate immunity also prepares the
adaptive immune response and recognizes viral components
through pattern recognition receptors (PRRs) during infection.
TAV infection is recognized through two classic adaptors of
PRRs to induce robust type I IFN (IFN-a/f) responses; these
PRR pathways involve TLR7 in the endosome, which converge
on TRAFG, interferon regulatory factor 3 (IRF3) and IRF7 to
induce the production of proinflammatory cytokines and type I
IFNs (32-35). The induction of pro-inflammatory cytokines
and IFNs is important to induce antiviral gene expression,
which interfere with viral replication, recruit leukocytes and
lymphocytes to the infection part, and provide the requisite
signals, thereby activating the adaptive immune response for
efficient viral clearance (36,37).

The serum levels of IFN-a, IL-1p, IL-6 and TNF-o were
measured to observe the inflammatory cytokine levels of
peripheral blood during IAV infection. In this study, it was
found that the administration of atractylon significantly
increased the serum levels of IFN-f but decrease the levels
of other pro-inflammatory cytokines (IL-6, TNF-a and
IL-1B) as shown in Table V. Previous studies have shown
that IFN-P has an important role in the control of influenza
infection. By contrast, the mRNA expressions of TLR7 and
its downstream genes MyD88, TRAF6 and IFN-f were obvi-
ously upregulated (P<0.01) compared with the model control
group (Fig. 3), which indicated that the above-mentioned
pathway was activated. Furthermore, the results of the
western blot analysis showed that the expression levels of
nuclear factor-xB (NF-xB) p65 proteins in the model control
group were significantly increased compared with the normal
control group (P<0.01). However, the protein expressions in
the atractylon-treatment groups were significantly increased
(P<0.01). It is well known that NF-xB p65 is the most crucial
inflammatory protein of TLR7 downstream factors, which
can transfer to the cell nucleus and cause proinflammatory
cytokine release, had a lower expression (38-40). These
findings were also consistent with above analysis of serum
pro-inflammatory cytokines. Therefore, these combined
results suggested that the effects of atractylon during IAV
infection were partially-dependent on the activation of TLR7
pathway to induce the type I IFN production and NF-xB p65
inhibition.
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In summary, a SCE prepared from Atractylodis Rhizoma
showed potential inhibition against IAV. Six compounds
isolated from SCE were characterized by spectral analysis to
be atractylenolide I, atractylenolide I1I, hinesol, a-curcumene,
atractylon and atractylodin. Among these, atractylon had the
most significant anti-IAV activities and highest SI values
in vitro. Treatment of atractylon also significantly alleviated
pulmonary inflammation in IAV-infected mice, and protective
effects of atractylon might be related to its activation of TLR7
to induce the production of type I IFNs, but to inhibit NF-xB
activation. These findings suggested that atractylon may
warrant further evaluation as a possible agent for influenza
treatment.
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