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Background: The aim of the present study was to investigate the synergistic eﬀects and interactive mechanisms
of Shufeng Jiedu Capsule (SFJDC) combined with oseltamivir in the treatment of acute exacerbation of chronic
obstructive pulmonary disease (AECOPD) induced by the inﬂuenza A virus (IAV).
Methods: The extraction of SFJDC was analyzed by UHPLC/ESI Q-Orbitrap Mass Spectrometry. Human bronchial epithelial cells were isolated from COPD (DHBE) bronchial tissues, co-cultured with IAV for 24 h, and were
subsequently treated with SFJDC and/or oseltamivir. Cell viability was detected by MTT assay. A rat model of
COPD with IAV infection was established and treated with SFJDC and/or oseltamivir. Interleukin (IL)-1β and IL18 in serum and bronchoalveolar lavage ﬂuid (BALF) were measured by ELISA. Additionally, mRNA and protein
levels of NLRP3 inﬂammasome pathway were measured by quantitative real-time PCR and Western blotting,
respectively.
Results: SFJDC and/or oseltamivir, at their optimal concentrations, had no signiﬁcant cytotoxicity against
DHBEs. The levels of NLRP3-inﬂammasome-associated components were signiﬁcantly elevated after cells were
inoculated with IAV, whereas the mRNA and protein levels of these components were signiﬁcantly decreased
after treatment with SFJDC and/or oseltamivir in vitro. Moreover, in vivo, the combination of SFJDC and oseltamivir improved survival rates, attenuated clinical symptoms, induced weight gain, alleviated lung damage,
and signiﬁcantly reduced IL-1β and IL-18 levels in serum and BALF, as well as reduced the expression levels of
NLRP3-associated components and viral titers in lung homogenates.
Conclusion: SFJDC combined with oseltamivir treatment signiﬁcantly attenuated IAV-induced airway inﬂammation and lung viral titers. Hence, our ﬁndings may provide a novel therapeutic strategy for IAV-induced
respiratory infection.

1. Introduction
Chronic obstructive pulmonary disease (COPD) is a chronic respiratory inﬂammatory disease [1,2]. Growing evidence has indicated
that COPD patients are more susceptible to inﬂuenza viral infection,
which leads to an accelerated decline in lung function and rapid disease
progression and induces more severe symptoms [3,4]; however, eﬀective treatments are limited. Oseltamivir, a neuraminidase inhibitor, is a
conventional antiviral drug that is commonly used against seasonal and
pandemic inﬂuenza [5,6]. Despite oseltamivir being widely used, its
eﬃcacy in the treatment of inﬂuenza is still controversial due to its

small optimal time window, side eﬀects, and drug resistance [7]. Additionally, the World Health Organization (WHO) has downgraded
oseltamivir on drug lists because they are less cost-eﬀective [8].
Therefore, it is necessary and urgent to discover novel and/or synergistic drugs in the clinical setting for the treatment of inﬂuenza.
Shufeng Jiedu Capsule (SFJDC) is a traditional Chinese medicine (TCM)
consisting of eight medicinal herbs. Clinical investigations and evidence
from basic research have indicated that SFJDC alone or in combination
with other chemotherapeutic agents exhibits anti-inﬂammatory and
immunomodulatory functions [9–11] against upper respiratory tract
infections [12–14], acute lung injury [15–17], and cancers [18,19].
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22–24 min, 70–90 % A; 24–26 min, 90 % A ; 26–26.1 min, 90–5 % A;
26.1–30 min, 5 % A. The ﬂow rate was 0.2 mL/min, and the injection
volume was 2 μL.

Therefore, we hypothesized that a combination of SFJDC with oseltamivir may achieve a better treatment eﬃcacy compared to that of
monotherapy in the treatment of patients with acute exacerbation of
COPD (AECOPD) induced by the inﬂuenza A virus (IAV).
Human airway epithelial cells are an important interface for IAV
interactions and therapeutic targets in airway diseases [20]. As the ﬁrst
physical barrier, these cells are responsible for recognizing pathogens
and coordinating immune responses with several pattern recognition
receptors (PRRs) [21]. Current research shows that nucleotide-binding
oligomerization domain (NOD)-like receptor family pyrin domaincontaining 3 (NLRP3) has a substantial impact on tissue inﬂammation
and chronic airway diseases (e.g., COPD) and aggravates disease progression [22–24]. In addition, the NLRP3 inﬂammasome is considered
to be an important target for the treatment of inﬂammatory diseases, as
its activation can lead to increased release of Interleukin (IL)-1β and IL18. Based on these ﬁndings, the NLRP3 inﬂammatory pathway may
play an important role in the treatment of SFJDC alone and in combination with oseltamivir for AECOPD patients.
Taken together, the aim of the present study was to investigate the
antiviral eﬀects of SFJDC either alone or via synergistic eﬀects/mechanisms with oseltamivir in IAV-stimulated COPD bronchial epithelial
cells and IAV-infected COPD rats.

2.5. Mass spectrometric conditions
A Q-Exactive plus hybrid quadrupole-orbitrap mass spectrometer
(Q-Orbitrap MS) (Thermo Scientiﬁc, San Jose, USA) with a heat electrospray ionization (HESI) was employed. The mass conditions were as
follows: spray voltage: −3.5 kV; capillary temperature: 320 °C; auxiliary gas heater temperature: 200 °C; S-lens RF level: 50 V; by full MS/
dd-MS2 scan mode: Scan range: 100−1200 m/z; Resolution: 17,500;
Automatic gain control (AGC) target: 1.0 e5; Loop count: 5; Maximum
injection time (IT): 50 ms;
Isolation window: 2.0 m/z; Stepped nce: 20, 40, 60; Apex trigger:
2−6 s; Dynamic exclusion: 10 s. Nitrogen was used for spray stabilization and as the collision gas in the C-trap. Q-Exactive 2.9 (Thermo
Fisher Scientiﬁc, San Jose, USA) was used to control the mass spectrometer, Xcalibur 4.1 software (Thermo Fisher Scientiﬁc, San Jose,
USA) was used to control the instrument and for data acquisition and
analysis. Compound Discoverer 3.0 software and MS Frontier 7.0 software (Thermo Fisher Scientiﬁc, San Jose, USA) were used to data
analysis.

2. Materials and methods
2.1. Ethics statement

2.6. Cell culture

All experiment protocols were conducted with the approval of the
Animal Ethics Committee of Anhui Medical University as well as strict
adherence in accordance with ethical principles.

Diseased human bronchial epithelial cell of COPD (DHBE, n = 3)
harvest was modiﬁed from described methods [25,26], and was puriﬁed, identiﬁed and cultured at 37℃ in a humidiﬁed atmosphere with 5
% CO2 in BEGM medium (Lonza, NJ, USA) for 3–4 weeks.
Bronchial epithelial cells were expanded on dishes coated with type
I rat-tail collagen until 70%–80 % were conﬂuent, then detached by
trypsin/EDTA at 37 ℃ for 3−5 min, and collected by centrifugation and
resuspended in BEGM for reseeding on collagen-coated 12 mm transwell Clear (Corning Life Sciences, USA) supported membranes at a
density of 2.0 × 105/insert. When conﬂuent, the apical medium was
withdrawn to create an air-liquid interface. And medium in the basic
compartment changed every 2–3 days.

2.2. Reagents and materials
Methanol, acetonitrile and formic acid of high performance liquid
chromatography (HPLC) grade were purchased from Sigma (SigmaAldrich, USA). Ultrapure water (18.2 MΩ) was puriﬁed by Millipore
system (Millipore Corp, MA, USA). All of solutions were ﬁltered
through 0.22 μm pore size ﬁlters.
2.3. Preparation of SFJDC and oseltamivir
SFJDC was purchased from Ji Ren Pharmaceutical Company (Anhui,
China, Batch number 2170901). 1.00 g of the SFJDC capsule content
powder was accurately measured and added into 25 ml volumetric
ﬂask, 25 ml of solvent (methanol: H2O = 7:3) was added into the volumetric ﬂask and weighed, followed by circumﬂuence extraction for
1 h. The solution was cooled to room temperature, and the solvent
(methanol: H2O = 7:3) was added for weight loss. The SFJDC capsule
solution was ﬁnally ﬁltered with a 0.22 μm syringe ﬁlter and stored at
4 °C before use.
Oseltamivir phosphate was purchased from Chang Jiang
Pharmaceutical Company (Yichang, China). Chemicals were dissolved
in phosphate-buﬀered saline (PBS) and stored at −20 °C prior to use.

2.7. Cell viability assay
DHBE cells were seeded at a density of 5000 cells/well into a 96well. The medium was removed and replaced with fresh medium. After
48 h, the cells were incubated with SFJDC or oseltamivir at various
concentrations for 24 h and examined using an MTT (3-[4,5-dimehyl-2thiazolyl]-2,5-diphenyl-2H–tetrazolium bromide) assay. Brieﬂy, cells
were added with 10 μl MTT (5 mg/ml in PBS) (Beyotime Biotechnology,
Shanghai, China) into each well, followed by incubation at 37 ℃ for 4 h.
The culture medium was removed and 100 μl dimethylsulfoxide
(DMSO) was added to each well, followed by shaking at room temperature for 10 min. The spectrometric absorbance at 490 nm was determined with a microplate reader (Thermo Scientiﬁc, Waltham, MA,
USA) [27].

2.4. Chromatographic conditions
A ultra-high performance liquid chromatography (UHPLC) Dionex
Ultimate 3000 (Thermo Scientiﬁc, San Jose, USA) equipped with
cooling autosampler and column oven was utilized. The separation was
performed in a Syncronics C18 column (100 mm × 2.1 mm, 1.7 μm,
Thermo Fisher, USA) with a column temperature maintained at 45 °C.
Binary mobile solvents were consisted of acetonitrile (A) and water
containing 0.1 % formic acid (B), and the following gradient elution
program was used: 0–3 min, 5 % A; 3–4 min, 5–14 % A; 4–9 min,
14–22.5 % A; 9–11 min, 22.5–24 % A; 11–14 min, 24–40 % A;
14–16 min, 40–55 % A; 16–19 min, 55–70 % A; 19–22 min, 70 % A;

2.8. SFJDC and/or oseltamivir treatment of DHBE cells
DHBE cells were plated in 12 well plates coated with type I rat-tail
collagen. Then cells were induced with IAV/H3N2 (Multiplicity of
Infection (MOI) = 2) for 24 h. Through combining diﬀerent concentrations of SFJDC or oseltamivir, 20 μg/ml SFJDC and/or 1.0 μM
oseltamivir were used for another 24 h. The cells were harvested to
detect the levels of NLRP3, Caspase-1, IL-1β, and IL-18 with quantitative real-time PCR(qRT-PCR) and western blot.
2

Biomedicine & Pharmacotherapy 121 (2020) 109652

S. Ji, et al.

dark cycles. Rats were randomly picked out for COPD modeling with
exposure to cigarette smoke and intratracheal instillation of lipopolysaccharide (LPS) (1 mg/ml, 0.2 ml), LPS intervention was implemented
every 5 days, and cigarette smoke exposure was given in a passive
smoking chamber (70 cm ⅹ 40 cm ⅹ 60 cm), using a custom-designed
and purpose-built, in house directed ﬂow inhalation and smoke-exposure system contained in a laminar ﬂow and smoke extraction unit.
With 1 cigarette (tar 12 mg, nicotine of ﬂue gas 1.0 mg, carbon monoxide of ﬂue gas 14 mg. Nanjing Tobacco industry, China) twice/day,
10 cigarettes/30 min/time, 5 times/week, for 8 weeks. Non-smoking
control rats were exposed to air and with tracheal instillation of sterile
saline for the same period.

2.9. Quantitative real-time PCR
RNA was extracted and reversed transcribed to cDNA using the high
capacity cDNA reverse transcription. Real-time PCR (RT-PCR) was
performed using the SYBR Premix Ex Taq II (Tli RNaseH Plus) (Takara
Biotechnology, Dalian, China). Expression levels of target mRNA were
calculated using 2-ΔΔCt relative to the reference gene (β-actin), then
calculated as fold change relative to media control.
The following primers were used: NLRP3 (human) were forward: 5′–
GGCAAATTCGAAAAGGG GTATT–3′, reverse: 5′–CTGATTTGCTGAGA
GATCTTGC–3′; Caspase-1 (human) were forward: 5′–GAAGAAACACT
CTGAGCAAGTC–3′, reverse: 5′–GATGATGATCACCTTCGGTTTG–3′; IL1β (human) were forward: 5′–GCCAGTGAAATGATGGCTTATT–3′, reverse: 5′–AGGAGCACTTCATC TGTTTAGG–3′; IL-18 (human) were
forward: 5′–GCTGAAGATGATGAAAACCTGG–3′, reverse: 5′ –CAAATA
GAGGCCGATTTCCTTG–3′; β-actin (human) were forward: 5′−CCTGG
CACCCAGCAC AAT–3′, reverse: 5′–GGGCCGGACTCGTCATAC–3′;
NLRP3 (rat) were forward: 5′ –GAGCTGGAC CTCAGTGACAATGC–3′,
reverse: 5′–ACCAATGCGAGATCCTGACAACAC–3′; Caspase-1 (rat) were
forward: 5′–ATGGCCGACAAGGTCCTGAGG–3′, reverse: 5′–GTGACAT
GATCGCACAGGT CTCG–3′; IL-1β (rat) were forward: 5′–AGCTTCCAG
GATGAGGACCC–3′, reverse: 5′–GCTCACA TGGGTCAGACAGC–3′; IL18 (rat) were forward: 5′–TGATATCGACCGAACAGCCAACG–3′, reverse: 5′–GGTCACAGCCAGTCCTCTTACTTC–3′; β-actin (rat) were forward: 5′–TGTCACCAAC TGGGACGATA–3′, reverse: 5′–GGGGTGTTGA
AGGTCTCAAA–3′.

2.13. Lung function tests
Pulmonary function tests were performed immediately after the last
exposure. Lung function parameters were assessed using a noninvasive
rat pulmonary function measurement system (GYD-003, Noninvasive
Rat Lung Function telemetry device, Emka, France).
2.14. Inﬂuenza virus infection for animals
Forty rats were randomly divided into the following ﬁve groups: the
mock group, PBS group, SFJDC group, oseltamivir group, SFJDC and
oseltamivir group. The rats of the mock group received the same volume of PBS instead of IAV (100 μl). On the last day of exposure, rats
were anesthetized with thiopental sodium and infected intranasally
with 1.25ⅹ103 plaque forming units (PFUs) of IAV in 100 μl. Following
inoculation, smoking was discontinued to remove the eﬀects of acute
smoke exposure.

2.10. Western blotting
After being washed with PBS, cells or lung tissues were harvested
using RIPA buﬀer, boiled for 10 min in 100 ℃. Total protein was separated on SDS-PAGE and Transferred to a PVDF membrane. After
blockade with 5 % non-fat dry milk in TBST (50 nM Tris−HCl, 150 mM
NaCl, 0.05 % Tween 20, pH 7.5) for 1 h at room temperature, membrane was incubated with the primary antibodies speciﬁc to NLRP3
(1:1000, Cell Signaling Technology, MA), Caspase-1 (1:1000, Cell
Signaling Technology, MA), IL-1β (1:1000, Cell Signaling Technology,
MA), IL-18 (1:1000, R&D Systems, MN), and β-actin (1:1000, Cell
Signaling Technology, MA) at 4 ℃ for overnight, and subsequent incubation with secondary HRP-conjugated antibody at 1:5000 dilution
for 4 h at room temperature. An enhanced chemo-luminescence detection kit (ECL Advance, Amersham, UK) was employed. Densitometry for
all proteins was normalized against loading control.

2.15. Drug treatments
The day of intratracheal injection with IAV or PBS was designated
day 0. From the next day, the rats in the administration group were
given 1.2 ml SFJDC or oseltamivir solution daily, and the rats in the PBS
group were given 1.2 ml PBS by intragastric administration (ig). The
rats in the SFJDC group were treated with SFJDC (0.6 g/kg/day, ig), the
rats in the oseltamivir group were treated with oseltamivir (25 mg/kg/
day, ig), and the rats in the SFJDC and oseltamivir group were treated
with SFJDC (0.6 g/kg/day, ig) and oseltamivir (25 mg/kg/day, ig).
Clinical behaviors and body weight were monitored every day. Lung
tissues were collected on the 7th day [28,29]. Half of the left lung was
ﬁxed in 4 % phosphate-buﬀered paraformaldehyde for histopathologic
preparation, while the other half was prepared for homogenate.

2.11. Plaque assay
Inﬂuenza A virus (H3N2) strain was kindly provided by Prof. Yan
Liu (Department of Microbiology, Anhui Medical University). Virus
aliquots were stored in liquid nitrogen, and freeze/thaw cycles were
avoided. Conﬂuent monolayers of MDCK cells were infected with stock
virus or lung serially diluted in 1 % bovine serum albumin DMEM for
2 h at 37 °C. Plates were washed with PBS and an overlay of 50 %
2 × DMEM, 50 % avecil (2.35 %), and N-acetyl trypsin (1.5 μg/mL)
remained on the cells for 72 h at 37 °C. The overlay was removed, and
the monolayers were then stained with Naphthalene Blue-Black and
plaques counted. All experiments that involved working with virus was
performed according to biosafety level two requirements and recommended personal protection equipment for all the involved researchers.

2.16. Histological analysis
Rats were anesthetized and left lungs were removed from rats of
each group, and distended with 10 % buﬀered formalin. The tissues
were sliced and embedded in paraﬃn, and 4 mm sections were prepared for morphological evaluation with hematoxylin-eosin staining
(HE). Sections from all the left lobes were examined blindly by three
individuals.
2.17. Bronchoalveolar lavage ﬂuid (BALF)
Bronchoalveolar lavage ﬂuid was collected from the rats by endotracheal intubation using a 20-gauge angioatheter was ligated into
the trachea and the right lungs lavage with sterile saline (5 ml), the
usual retrieved portion was > 80 %.

2.12. COPD rat modeling
Male Sprague-Dawley rats (200−250 g, 6–8 weeks), obtained from
the animal services unit of Anhui Medical University, were given access
to food and water ad libitum. Animals were housed in a speciﬁc pathogen-free facility with controlled environment of twelve-hour light/

2.18. ELISA
The concentrations of IL-1β and IL-18 in serum and BALF were
determined using rat ELISA kits (CUSABIO life sciences, MD, USA)
3
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ml (P < 0.05 and P < 0.001, respectively; Fig. 2A). Similarly, we
found that oseltamivir did not exhibit cytotoxicity in DHBE cells at 0,
0.1, 0.3, 0.5, 1.0, or 4.0 μM, while high concentrations at 10 or 20 μM
exhibited signiﬁcant cytotoxicity (P < 0.05 and P < 0.001, respectively; Fig. 2B). Subsequently, DHBE cells were treated with a combination of 20, 40, or 80 μg/ml of SFJDC and 0.5, 1.0, or 4.0 μM of
oseltamivir. The results showed that the addition of 0.5 or 1.0 μM
oseltamivir with 20 μg/ml of SFJDC did not exhibit cytotoxicity in
DHBE cells (Fig. 2C), while 1.0 μM of oseltamivir had better inhibitory
eﬀects than that of 0.5 μM of oseltamivir on NLRP3 inﬂammasome
components (Fig. 2D). Consequently, 20 μg/ml of SFJDC and 1.0 μM of
oseltamivir were used for all further in vitro experiments.

according to the manufacturer’s instructions.
2.19. Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 software
(San Diego, California) and SPSS 23.0 (IBM, Armonk, NY, USA).
Continuous variables with normal distribution were presented as
mean ± standard deviation (SD). Student t-test and one- or two-way
ANOVA were used to compare means of 2 and 3 or more groups of
continuous normally distributed variables, respectively. P < 0.05 was
considered signiﬁcant.
3. Results

3.3. Eﬀects of SFJDC and/or oseltamivir on the NLRP3 inﬂammasome
pathway in IAV-infected DHBE cells

3.1. SFJDC composition analysis
In this study, we performed a multi-chemical component screening
of SFJDC extracts using UHPLC/ESI Q-Orbitrap Mass Spectrometry. A
total of 46 chromatographic peaks were clearly separated, each of
which was independently veriﬁed by matching the MS/MS spectrum
and comparing it to data reported in the literature, references from
natural product information, and corresponding fragments (Fig. 1 and
Supplementary Fig. 1). Based on the features of the 46 peaks, approximately 33 compounds were clearly identiﬁed (Supplementary
Table 1). Source attributions were determined by MS analysis (Supplementary Table 2).

To investigate whether SFJDC and/or oseltamivir may inhibit
airway inﬂammatory reactions, we measured and compared the expression levels of NLRP3-associated components (i.e., NLRP3, Caspase1, IL-1β, and IL-18) in DHBE cells. As shown in Fig. 3, compared to
those in the mock group, the mRNA and protein expression levels of
NLRP3, Caspase-1, IL-1β, and IL-18 were signiﬁcantly higher in the
IAV-infected groups (P < 0.001; pre-SFJDC and/or oseltamivir treatment), including the PBS group, SFJDC group, oseltamivir group, and
SFJDC/oseltamivir combination group. The mRNA and protein expression levels of NLRP3 components were lower in the SFJDC group
and oseltamivir group than in the PBS group (P < 0.05); the lowest
levels occurred in the SFJDC/oseltamivir combination group compared
to those in the monotherapy groups, and there were signiﬁcantly different levels of NLRP3, IL-1β, and IL-18 among the three therapy groups
(P < 0.05). The relative expression levels of NLRP3 in the SFJDC,
oseltamivir, SFJDC/oseltamivir combination groups decreased by 58.9
% (P < 0.001), 68 % (P < 0.001), and 96.6 % (P < 0.001) compared

3.2. Eﬀect of SFJDC and/or oseltamivir on the viability of DHBE cells
To detect the optimal concentration of SFJDC for cell viability,
DHBE cells were treated with either 0, 5, 10, 20, 40, 80, 100, or 200 μg/
ml of SFJDC for 24 h. The results showed that SFJDC did not exhibit
cytotoxicity in DHBE, except at high concentrations of 100 and 200 μg/

Fig. 1. UHPLC/ESI Q-Orbitrap mass-spectrometry analysis of SFJDC extractions. The red numbers from 1 to 46 indicate diﬀerent chromatographic peaks, and each
peak represents one chemical derived from SFJDC.
4
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Fig. 2. Eﬀect of SFJDC and/or oseltamivir on the viability of DHBE cells. (A, B) After DHBE cells were treated with SFJDC or oseltamivir for 24 h, cellular viability
was assessed via MTT (*denotes P < 0.05, ***denotes P < 0.001 versus control group). (C) After DHBE cells were treated with diﬀerent concentrations of SFJDC
and oseltamivir for 24 h, cellular viability was assessed via MTT (*P < 0.05, ** P < 0.01, ***P < 0.001 versus the control group; # P < 0.05, ## P < 0.01, ###
P < 0.001 versus the SFJDC 20 μg/ml groups; &P < 0.05, && P < 0.01 versus the SFJDC 40 μg/ml groups). (D) DHBE cells were treated with 20 μg/ml of SFIDC and
0.5 μM/1.0 μM of oseltamivir after incubation with IAV (MOI = 2) for 24 h, and the protein levels of NLRP3-inﬂammasome components were measured by Western
blotting. Each dataset comprises three independent experiments.

ameliorated via SFJDC/oseltamivir combination therapy. The time
course of the observed weight changes is shown in Fig. 4B. The maximum average weight loss was 18.3 % on the seventh day in the PBS
group (P < 0.001), while it was 8.5 %, 9.3 %, and 1.7 % in the SFJDC,
oseltamivir, and SFJDC/oseltamivir combination groups, respectively.
The average weight losses for the rats in each monotherapy group were
similar to each other (P > 0.05), whereas weight losses were signiﬁcantly decreased in the SFJDC/oseltamivir combination group
(P < 0.05). Therefore, SFJDC combined with oseltamivir therapy improved survival and weight gain in IAV-infected COPD rats.

to those in the PBS group (Fig. 3A); additionally, the normalized levels
of NLRP3 decreased by 43 % (P < 0.001), 53.6 % (P < 0.001), and 60
% (P < 0.001), respectively (Fig. 3F). The expression levels of Caspase1, IL-1β, and IL-18 were similar to those of NLPR3. However, there
were no signiﬁcant diﬀerences between the mRNA or protein levels of
NLRP3-inﬂammasome-relative components between oseltamivir treatment and SFJDC treatment (P > 0.05). The levels of NLRP3 components were signiﬁcantly reduced in the SFJDC/oseltamivir combination
group compared to those in the monotherapy groups (P < 0.05). These
results indicated that SFJDC and oseltamivir exerted similar inhibition
and that the SFJDC/oseltamivir combination treatment exerted a
stronger inhibitory eﬀect on the expression levels of NLRP3 components
than those of the two compounds alone in DHBE cells.

3.5. Histopathological changes of IAV-infected COPD rats
Upon histological examinations of lung tissue, the PBS group
showed extensive lung damage that included bronchiolar epithelial-cell
desquamation, diﬀuse alveolar damage, air sac formation, lung interstitial thickening, and severe inﬂammatory inﬁltration compared to
these features in the mock group. However, the use of SFJDC and
oseltamivir alone or in combination prevented and rescued the above
injuries (Fig. 4C).

3.4. Combining SFJDC and oseltamivir therapies improves survival rate and
gain weight in IAV-infected COPD experimental rats
To investigate the therapeutic eﬀect of SFJDC and/or oseltamivir in
vivo, IAV-infected COPD rats were established and tested. We observed
that the mean survival time of rats in the PBS group was 5.4 ± 0.8
days, and the survival rate was 37.5 % (P < 0.01). SFJDC or oseltamivir monotherapy had protective eﬀects that yielded mean survival
times of 6.5 ± 0.4 and 7.0 ± 0.8 days, with survival rates of 75 % and
87.5 %, respectively. However, only oseltamivir yielded a statistically
signiﬁcant diﬀerence (P < 0.05). Similar to corresponding parameters
in the mock group, SFJDC/oseltamivir combination therapy increased
the mean survival time (7 ± 0 days) and survival rate (100 %;
P < 0.01; Fig. 4A). Consistent with the survival results, the weights of
the rats in the PBS group gradually decreased with time (P < 0.01) and
aberrant behaviors emerged (e.g., coat ruﬄing, febrile shaking, and
mild lethargy). However, weight loss and aberrant symptoms were

3.6. Combining SFJDC and oseltamivir treatments reduces IL-1β and IL-18
expression levels in serum and BALF
The therapeutic eﬀect of SFJDC and/or oseltamivir on ameliorating
symptoms may have been due to its regulation of viral-induced inﬂammatory activity. Hence, we next examined IL-1β and IL-18 levels in
serum and BALF. As shown in Fig. 4D–G, the IL-1β and IL-18 levels in
the PBS group were signiﬁcantly higher than those in the mock group
(P < 0.001). Further analysis showed that the levels of IL-1β and IL-18
were lower in monotherapy groups compared to those in the PBS group
5
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Fig. 3. Eﬀects of SFJDC and/or oseltamivir on the NLRP3-inﬂammasome pathway in IAV-infected DHBE cells. After DHBE cells were incubated with IAV (MOI = 2)
for 24 h, the mRNA and protein levels of NLRP3, Caspase-1, IL-1β, and IL-18 were detected by (A–D) qRT-PCR (E) and Western blotting (FeI). NLRP3-inﬂammasomerelative components were normalized to β-actin. Each dataset comprises three independent experiments (*denotes P < 0.05, **denotes P < 0.01, ***denotes
P < 0.001; # P < 0.05, ## P < 0.01, ### P < 0.001 versus the mock group; &P < 0.05, && P < 0.01, &&& P < 0.001 versus the PBS group).

oseltamivir combination groups. The relative expression levels of IL-1β
decreased by 71 % (P < 0.001), 61 % (P < 0.001), and 75 %
(P < 0.001), and the normalized levels of IL-1β decreased by 57 %
(P < 0.01), 56 % (P < 0.01), and 59 % (P < 0.01) in the SFJDC,
oseltamivir, and SFJDC/oseltamivir combination groups. The relative
expression levels of IL-18 decreased by 84 % (P < 0.001), 80 %
(P < 0.001), and 91 % (P < 0.001), and the normalized levels of IL18 decreased by 18 % (P < 0.05), 30 % (P < 0.01), and 34 %
(P < 0.01) in the SFJDC, oseltamivir, and SFJDC/oseltamivir groups,
respectively. Compared to those in the monotherapy groups, the
SFJDC/oseltamivir combination group had a signiﬁcantly higher decline in mRNA and protein levels of NLRP3 components (P < 0.05).
As shown in Fig. 5G, viral titers were signiﬁcantly decreased in the
monotherapy groups compared with those in the PBS group, and the
viral titers were lowest in the SFJDC/oseltamivir combination group
after seven days post-infection. There was no signiﬁcant diﬀerence in
the reduction of the viral titers between oseltamivir or SFJDC monotherapies (P > 0.05). These results revealed that SFJDC/oseltamivir
combination therapy had a synergistic eﬀect on NLRP3 components and
signiﬁcantly protected IAV-infected COPD rats.

(P < 0.001). In addition, the IL-1β and IL-18 levels were signiﬁcantly
lower in the SFJDC/oseltamivir combination group compared to those
in the monotherapy groups (P < 0.01). Moreover, the concentration of
IL-1β in BALF was much higher than that in serum (Fig. 4D and F).
These ﬁndings indicated that the levels of IL-1β and IL-18 were elevated
in the IAV-infected group but signiﬁcantly attenuated by SFJDC/oseltamivir combination treatment.
3.7. SFJDC and oseltamivir mediate inhibition of NLRP3 inﬂammasome
components and decrease viral titers in lung tissues
Finally, the mRNA and protein expression levels of NLRP3-associated components in lung tissues were measured. The mRNA and
protein levels of NLRP3, Caspase-1, IL-1β, and IL-18 in the PBS group
were signiﬁcantly increased compared to those in the mock group
(P < 0.05) but were signiﬁcantly decreased via SFJDC and/or oseltamivir treatment (P < 0.05). Additionally, the SFJDC/oseltamivir
combination therapy exhibited the strongest inhibitory eﬀect
(Fig. 5A–F). Compared to that of the PBS group, the relative expression
levels of NLRP3 decreased by 77 % (P < 0.01), 88 % (P < 0.01), and
93 % (P < 0.01), and the normalized levels of NLRP3 decreased by 19
% (P < 0.05), 24 % (P < 0.05), and 34 % (P < 0.01) in the SFJDC,
oseltamivir, SFJDC/oseltamivir combination groups, respectively. The
normalized levels of caspase-1 decreased by 22 % (P < 0.001), 50 %
(P < 0.001), and 54 % (P < 0.001) in the SFJDC, oseltamivir, SFJDC/

4. Discussion
COPD patients are more susceptible to inﬂuenza viral infection,
which induces acute exacerbation. Moreover, the antigenic drift of IAV
6
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Fig. 4. Eﬀects of SFJDC and/or oseltamivir in IAV-infected COPD experimental rats. (A) Survival rates are shown. (B) Changes in body weight after drug interventions are shown. (C) Pulmonary tissue sections were prepared at day 7 and were stained with HE (scale bar =100 μm, original magniﬁcation: ×100; scale bar
=50 μm, original magniﬁcation: ×200). (D, E) The expression levels of IL-1β and IL-18 in serum are shown. (F, G) The expression levels of IL-1β and IL-18 in BALF
are shown. Each dataset was derived from eight rats per group (**denotes P < 0.01, ***denotes P < 0.001; # P < 0.05, ### P < 0.001 versus the mock group; &&&
P < 0.001 versus the PBS group).

SFJDC had antiviral and anti-inﬂammatory eﬀects and/or compensated
for deﬁciencies of oseltamivir treatment in inﬂuenza-induced AECOPD
patients, we used human bronchial epithelial cells in vitro and IAV-induced COPD rats in vivo to compare the therapeutic eﬀects of SFJDC
and oseltamivir monotherapies with SFJDC/oseltamivir combination
therapy (Figs. 2 and 3). Most interestingly, we found that SFJDC had
many therapeutic beneﬁts in the treatment of inﬂuenza. Overall, SFJDC
inhibited airway inﬂammatory reactions and showed similar eﬀects on
modulating mRNA and protein expression levels compared to these
eﬀects of oseltamivir in vivo and vitro. SFJDC/oseltamivir combination
treatment revealed strong positive synergistic eﬀects with no or less
adverse events and drug resistance compared to those of monotherapies. One reasonable explanation for these beneﬁts may be that
SFJDC not only had inhibitory eﬀects on viral proliferation and antiinﬂammation but also exhibited certain immunoregulatory functions.
Consistent with our results, Yao and colleagues demonstrated that
SFJDC alleviated clinical symptoms of AECOPD patients and shortened
their length of hospital stay [32]. Previous research showed that SFJDC
combined with Western-medicine-based plans shortened the average
increased temperature of patients with fevers, especially at 24 and 48 h
after admission [33]. Poon and associates also found that the proportion of CD4-CD8 in T lymphocytes increased signiﬁcantly after 14 days
of treatment with Chinese herbal medicine [34]. Meanwhile, SFJDC as

and the emergence of drug-resistant strains pose great challenges to the
limited treatments that are currently available. Oseltamivir has been
widely used against inﬂuenza. However, there is still doubt about the
eﬃcacy of oseltamivir in the treatment of inﬂuenza [30]. Therefore, it
is necessary to continue to discover novel drugs or synergistic combinations of drugs for the clinical treatment of inﬂuenza.
The separation and identiﬁcation of components constitute the
primary analytical approach implemented in phytochemical studies,
which are vital for the modernization of TCM [15]. In the present study,
46 chromatographic peaks of SFJDC were separated and 33 peaks were
clearly proﬁled, while 41 peaks were identiﬁed in a previous study
[14]. In addition, we found that forsythia suspensa exhibited anti-inﬂammatory eﬀects, which is similar to the ﬁndings of the same previous
study [14]. Additionally, we summarized fragmental patterns and
characteristic fragments of various types of SFJDC based on reference
compounds and previous articles (Supplementary Fig. 1). Taken together, this is an eﬃcient data pipeline that can rapidly discover and
characterize chemical constituents from complicated herbal extracts,
without the help of standard substances. Component analysis and
identiﬁcation of SFJDC laid the foundation for our subsequent experiments in the present study.
SFJDC has a variety of functions that contribute to alleviating
chronic disease progression [9,12,17,19,31]. To demonstrate whether
7
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Fig. 5. SFJDC and oseltamivir mediate inhibition of NLRP3 inﬂammasome components and
decrease viral titers in lung tissues. The mRNA
expression levels relative to that of β-actin of
(A) NLRP3, (B) Caspase-1, (C) IL-1β, and (D)
IL-18 are shown. (E) Representative Western
blotting of the protein levels of NLRP3-inﬂammasome-relative components. (F) NLRP3inﬂammasome-relative components were normalized to β-actin. β-actin was also used as a
loading control. (G) Viral titers in lung homogenates of COPD IAV-infected rats following
diﬀerent treatments at the indicated day postinfection. Each dataset consisted of data from
eight rats per group (*denotes P < 0.05,
**denotes P < 0.01, ***denotes P < 0.001; #
P < 0.05, ## P < 0.01, ### P < 0.001
versus the mock group; &P < 0.05, &&
P < 0.01, &&& P < 0.001 versus the PBS
group).

inﬂuenza virus has been a source of human social and economic burden
for centuries. Previous studies have also reported that NLRP3-dependent productions of IL-1β and IL-18 are expressed in a variety of cells
with their corresponding binding cell-surface receptors to induce potent
nuclear factor kappa beta (NF-κB)-dependent secondary cytokines
against IAV infection [36,37]. Therefore, airway inﬂammation and lung
injury in IAV-infected rats may be controlled by the combination of
SFJDC and oseltamivir through modulating the NLRP3 inﬂammasome
and subsequently down-regulating IL-1β and IL-18; these protective
eﬀects of SFJDC/oseltamivir combination therapy on chronic diseases
should be validated in clinical studies.
Finally, previous studies have also found that combined antiviral
drugs have better eﬃcacies than those of many monotherapies [38–40].
Ohgitani et al. reported that the combination of oseltamivir and hochuekki-to (TJ-41) signiﬁcantly decreased viral load in the lungs of aging
mice during inﬂuenza viral infection [41]. However, not all combinations have shown consistent additive or synergistic activities [42].
Oseltamivir and zanamivir monotherapies were compared with the
combination of the two drugs in a study of 541 participants and found

a complementary and alternative medicine to inﬂuenza prevention and
treatment has reduced both social and economic burdens, especially in
developing countries [35]. Therefore, administration of SFJDC has
great beneﬁts for treating viral infections and can be used as a combination therapy to overcome the adverse eﬀects of oseltamivir. Furthermore, combination therapies for inﬂuenza can prolong the duration
of antiviral therapy, reduce side eﬀects, and combat the emergence of
drug-resistant viral strains. Therefore, it is an encouraging expectation
that the combination of SFJDC and oseltamivir may represent a
breakthrough advance in theoretical and clinical application for IAVinfected respiratory diseases.
IAV-infected rats treated via intragastric administration combined
with SFJDC and oseltamivir therapy had a higher survival rate compared to that of controls (Fig. 4A), which was characterized by signiﬁcant body weight gain (Fig. 4B), alteration of behaviors and alleviation of lung injuries (Fig. 4C) as well as decrease in lung viral titer
(Fig. 5G). These results demonstrated that the SFJDC/oseltamivir protective eﬀects were signiﬁcantly associated with decreased levels of IL1β and IL-18 in serum and BALF (Fig. 4D–G). It is well known that the
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that the combination therapy was not as eﬀective as oseltamivir and
zanamivir monotherapies [43]. Therefore, the eﬀectiveness of SFJDC in
combination with oseltamivir requires further clinical investigations
and large-scale studies to explore the potential and mechanisms of
SFJDC/oseltamivir combination therapy. In conclusion, our research
provides the ﬁrst direct evidence that SFJDC has a signiﬁcant therapeutic eﬀect on IAV-infective respiratory disease, and that its combination with oseltamivir shows a strong synergetic eﬀect compared to
corresponding monotherapies. SFJDC, as a mixture of several active
ingredients, may compensate for the single targeting model of conventional antiviral drugs and circumvent the adverse reactions of
oseltamivir. Therefore, the combination of SFJDC and oseltamivir may
represent a novel treatment strategy that can improve the therapeutic
eﬃciency and quality of life of patients with IAV-induced chronic
airway disease, especially AECOPD patients.
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