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ABSTRACT

Pneumonia is a common illness that continues to be the major killer of remaining to be a significant
source of morbidity and mortality in the patient population. Many microorganisms cause pneumonia,
and now concern is turning to the importance of the cause the new therapies for viral pneumonia. In the
current study, we report the effect of andrographolide sulfonate, a water-soluble form of androgra-
pholide (trade name: Xi-Yan-Ping Injection), on poly I: C-induced pneumonia. Andrographolide sulfonate
was administrated through intraperitoneal injection to mice with poly I: C-induced pneumonia.
Recruitment of airway inflammatory cells, alteration of lung histological induced by Poly I: C were
significantly ameliorated by andrographolide sulfonate. The protein levels of pro-inflammatory cytokines
in bronchoalveolar fluid (BALF) and serum were reduced by andrographolide sulfonate treatment. The
levels of MUC5AC and MUC5B in lung tissue were also suppressed. These results reveal that androgra-
pholide sulfate remarkably alleviated pneumonia induced by poly I:C in mice. Moreover, andrographo-
lide sulfonate markedly inhibited the activation of nuclear factor-kB (NF-«kB). Taken together, we
demonstrated that andrographolide sulfonate ameliorated poly I: C-induced pneumonia in mice, sug-

gesting the possible use of andrographolide sulfonate for virus-induced pneumonia in clinical.
© 2020 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Virus pneumonia is a common illness that continues to be the
major Killer of people, such as severe acute respiratory syndrome
(SARS-CoV), the Middle East respiratory syndrome coronavirus
(MERS-CoV) and pathogenic SARS-coronavirus 2 (SARS-CoV-2).!
Molecular diagnostic tests have greatly increased our understand-
ing of the role of viruses in pneumonia, and findings indicate that

Abbreviations: ALI, Acute lung injury; ARDS, acute respiratory distress syn-
drome; BALF, bron-choalveolar fluid; NF-kB, nuclear factor-«kB; TNF-o, Tumor Ne-
crosis Factor-o; IL-6, Interleukin-6; TNBS, trinitro-benzene-sulfonic acid; H&E,
hematoxylin & eosin; Andro-S, andrographolide sulfonate.

* Corresponding author. Fax: +86 25 89687620.

** Corresponding author. State Key Laboratory of Pharmaceutical Biotechnology,
School of Life Sciences, Nanjing University, 163 Xianlin Avenue, Nanjing, 210023,
China. Fax: +86 25 89687620.

E-mail addresses: guowj@nju.edu.cn (W. Guo), molpharm@163.com (Q. Xu).

Peer review under responsibility of Japanese Pharmacological Society.

 Contributed equally to this work.

https://doi.org/10.1016/j.jphs.2020.08.005

the incidence of viral pneumonia has been underestimated.’®
Despite many advances, current treatments fail to reduce lung
injury and mortality.”® Further studies are still needed to better
understand the cause and pathogenesis of respiratory virus in-
fections, as well as search for therapeutic strategies to improve
morbidity and mortality.

Andrographolide, a diterpenoid lactone, prescribed as a treat-
ment for upper respiratory tract infection in China, has been shown
to have anti-inflammatory and anti-tumorigenic activities.”~'" Our
previous research found that andrographolide inhibited NLRP3
inflammasomes, as well as the Th1/Th17 response in colitis,'®
inhibited NF-«B activation, down-regulated MAPK pathway or
hampered the activation of the AIM2 inflammasome to ameliorate
LPS or radiation induced lung injury,'>"> stabilized Bax protein to
reverse resistance to 5-FU in colorectal cancer.!! Despite the
importance of andrographolide for inflammatory diseases and that
the maturation process has been elucidated, whether androgra-
pholide contributing to respiratory virus-induced pneumonia re-
mains unknown.

1347-8613/© 2020 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological Society. This is an open access article under the CC BY-NC-ND
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Here, we reported the therapy effect of andrographolide sulfo-
nate on mouse pneumonia induced by poly I:C and showed that
andrographolide sulfonate selectively suppressed the activation of
NF-kB and the proinflammation cytokines production. In addition,
we found that the andrographolide sulfonate regulated MUC5AC
and MUC5B expression in the injured lungs. With these data, we
proposed that andrographolide sulfonate may be a potential drug
for the treatment of patients with severe pneumonia induced by
respiratory virus.

2. Materials and methods
2.1. Animals

C57BL/6 mice (Male, 6—8 weeks, 18—20 g) were purchased from
Jiangsu Gempharmatech co., Itd (Nanjing, China). Mice were
maintained in an animal facility under standard laboratory condi-
tions for 1 week prior to experiments, and provided water and
standard chow. Animal welfare and experimental procedures were
carried out in accordance with the Guide for the Care and Use of
Laboratory Animals (Ministry of Science and Technology of China,
2006) and the related ethical regulations of Nanjing University. All
efforts were made to reduce the number of animals used and to
minimize animals’ suffering.
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2.2. Agents

Poly I:C-HMW (tlrl-pic) was bought from Invivogen (San Diego,
California). ELISA kits for TNF-a, IL-6 and IL-1p were purchased
from Dakewei (Beijing, China). Anti-p-p65 (3033) was purchased
from Cell Signaling Technology (Beverly, MA) were purchased from
Cell Signaling Technology (Beverly, MA, USA). f-Actin (M20011)
was purchased from Abmart (Shanghai, China). Anti-MUC5AC
(RLN0880), anti-MUC5B (RLN0881) were purchased from Ruiying
Biological company (Suzhou, China). Anti-CD3-APC, anti-CD11b-PE,
anti-Gr1+-FITC antibodies were bought for eBioscience. GTVisin™
anti-mouse/anti-rabbit immunohistochemical analysis KIT was
purchased from Gene Company (Shanghai, China). Andrographo-
lide sulfonate (Andro-S, trade name: Xi-Yan-Ping Injection) was
provided by Jiangxi Qingfeng Pharmaceutical Co., Ltd (Ganzhou,
China). All other chemicals were obtained from Sigma—Aldrich (St.
Louis, MO).

2.3. Induction of pneumonia by poly I:C

C57BL/6 were IN (Intranasal) administered 30 pg poly [:C-HMW
(Invivogen, San Diego, California) in a 50 pL volume under light
anesthesia. Mice were randomly divided into five groups (n = 6 per
group): control group IN administered PBS, model group IN
administered poly I:C. Andrographolide sulfonate (1, 3, 10 mg/kg)
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Fig. 1. Andrographolide sulfonate treatment ameliorated lung damage induced by poly I:C in mice. Lung tissue from each group were taken and fixed in 4% formalin and subjected
to hematoxylin/eosin (H&E) staining (A, B) and Masson staining (C, D). Scale bar 100 um. Andro-S: andrographolide sulfonate.
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and Dexamethasone (0.5 mg/kg) dissolved in saline were given to 2.7. Real-time PCR
mice once (i.p) immediately after poly [:C. Mice were killed 24 h

later. BALF, blood plasma and tissue samples were collected. For Real-time PCR was performed as reported.'® The primer se-
BALF collection, Mice were perfused with ice cold PBS. The lungs quences used in this study were as follows:

were lavaged with 300 pL saline, and the resultant BALF was m-tnf-a forward 5-CGAGTGACAAGCCTGTAGCCC-3/
centrifuged to separate the cellular components from the super- m-tnf-a reverse 5'-GTCTTTGAGATCCATGCCGTTG-3;

natants. Total BALF cell number was counted and the BALF cells m-il-1( forward 5'-CTTCAGGCAGGCAGTATCACTC-3;

were stained with anti-mouse CD3-APC, CD11b-PE, Gr1+-FITC m-il-16 reverse 5'-TGCAGTTGTCTAATGGGAACGT-3';
antibodies and composition was evaluated by FACS analysis. m-il-6 forward 5'-ACAACCACGGCCTTCCCTAC-3’;

m-il-6 reverse 5'-TCTCATTTCCACGATTTCCCAG-3/;
m-mucl forward 5'-CAGTCCTTCTGAGAGCCACC-3’
m-mucl reverse 5'-GCAGTGTGCCAGTGCCGCCG-3'/
m-muc5ac forward 5'-AGAATATCTTTCAGGACCCCTGCT-3’,

2.4. Histological analysis

To examine the histological changes, lungs from animals in each m-muc5ac reverse R 5'-ACACCAGTGCTGAGCATACTTT-3
group were taken and fixed by 10% formalin, embedded in paraffin, memucsb forward 5'-TCCTGCTCTGGAATATCCAAG-3
and then sectioned to reveal the maximum longitudinal view of the m-muc5h reverse 5'-GCCTCGGGGAGCTTGCCTGCC-3/
main intrapulmonary bronchus of the left lung lobe. Histopatho- m-ifn-B forward 5'-CAGCTCCAAGAAAGGACGAAC-3'
logic study was made using hematoxylin & eosin (H&E)-stained m-ifn-@ reverse 5'-GGCAGTGTAACTCTTCTGCAT-3'
lung sections. Alveolar congestion, haemorrhage, infiltration or m-ccl5 forward 5/-CCAAGTGCTGCCGTCATTTTC-3/
aggregation of inflammatory cells in airspaces or vessel walls,lfnd m-ccl5 reverse 5'-GGCTCGCAGGGATGATTTCAA-3'
the thickness of the alveolar walls were assessed as reported. m-ccl10 forward 5'-CCAAGTGCTGCCGTCATTTTC-3

m-ccl10 reverse 5'-GGCTCGCAGGGATGATTTCAA-3’
2.5. Masson’s trichrome stain B-actin forward 5-TGCTGTCCCTGTATGCCTCT-3’

B-actin reverse 5'-TTTGATGTCACGCACGATTT-3'.
Masson’s trichrome stain was used to detect the collagen
deposition. Collagen volume fraction was performed by the Image] 2.8. Western blot
software as reported."”
Protein from lung tissue western blotted as reported.'”

2.6. Cytokine analysis by ELISA
2.9. Immunohistochemical analysis
Serum was collected from blood of mice by centrifuge at 3500 g

for 15 min. Serum and BALF cytokine levels were measured by Immunohistochemical analysis was performed on paraffin-
specific ELISA kits from Dakawe. embedded lung tissue sections (5 um) as described previously.'®
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Fig. 2. Andrographolide sulfonate treatment prevented poly I:C-induced recruitment of inflammatory cells in lung tissue. Cells in BALF (bronchoalveolar lavage fluid) from each
group were gathered and counted. Then they were stained with anti-CD3-APC, anti-CD11b-PE, anti-Gr1+-FITC and analyzed by FACS. Values were shown as the means + SEM of 6
mice. "P < 0.05, P < 0.01 vs. mice treated with poly I:C group. Andro-S: andrographolide sulfonate.
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2.10. Statistical analysis

Data are expressed as mean + SEM. ANOVA with post hoc two
comparisons is used to evaluate the differences between various
experimental and control groups. P values less than 0.05 were
considered significant.

3. Results

3.1. Andrographolide sulfonate inhibited pathological changes of
pneumonia by poly I:C in mice

tAndrographolide sulfonate, an approved clinical medicine in
China, has been identified as a crucial role in anti-inflamma-
tion.'>'® Thus, we wondered whether andrographolide sulfonate
can improve pneumonia induced by virus. To address it, we
explored a wide mouse model of poly I:C-induced pneumonia to
evaluate the therapeutic effect of andrographolide sulfonate. Mice
were IN administered with poly I:C and lung tissue samples were
collected and sections stained with H&E were shown in Fig. 1A and
B. The representative histopathological images showed that
compared with the normal mice, mice treated with poly I:C
exhibited the typical lung injury associated with notable inflam-
matory cells infiltration, interstitial and intra-alveolar edema and
patchy hemorrhage, hyaline membrane formation and some

Journal of Pharmacological Sciences 144 (2020) 189—196

collapsed alveoli. Andrographolide sulfonate treatment signifi-
cantly reduced the histopathological damage as showed by
reduced H&E score (Fig. 1B). Next, we investigated whether
andrographolide sulfonate could prevent the development of
fibrosis after poly I:C induction, which was confirmed by Masson’s
trichrome staining (Fig. 1C and D). Severe deposition of collagen in
the lung tissue from the poly I:C group was observed. Notably,
treatment with andrographolide sulfonate markedly reduced the
deposition of collagen. Furthermore, we quantified the infiltration
of inflammatory cells in BALF. The number of total infiltrated cells,
T cells (CD3+), macrophages (CD11b+) and neutrophils (Gr1+) in
BALF, were examined by FACS. As shown in Fig. 2, the poly I:C
stimulation-induced infiltration of the inflammatory cells was
dose-dependently reduced with andrographolide sulfonate treat-
ment. Based on these findings, it can be concluded that androg-
rapholide sulfonate could effectively alleviate pneumonia in mice
induced by poly I: C.

3.2. Andrographolide sulfonate inhibited levels of inflammatory
cytokines in BALF and serum by induced of poly I:C

Next, the levels of inflammatory cytokines in BALF and serum
was examined. As expected, the proinflammation cytokines of
ploy I:C group, including IL-6, TNF-o. and IL-18, were strikingly
elevated in BALF and serum, while these cytokines were
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Fig. 3. Andrographolide sulfonate treatment suppressed poly I:C-induced cytokines expression. Cytokine levels in BALF supernatant (A) and serum (B) from each group were
detected by ELISA. (C) RNA of lung tissue from the mice was extracted. The mRNA expression of cytokines was examined by real-time PCR. Values were shown as the means + SEM
of 6 mice. "P < 0.05, P < 0.01 vs. mice treated with poly I:C group. Andro-S: andrographolide sulfonate.
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markedly reduced in a dose-dependent manner when treated
with andrographolide sulfonate (Fig. 3A and B). Moreover, the
dose-response effect of andrographolide sulfonate on these
genes expression in mouse lungs were determined. Consistently,
the production of IL-6, TNF-¢, IL-1f in total lung lysates was
significantly decreased in the andrographolide sulfonate-treated
animals (Fig. 3C). Taken together, these data indicated that
andrographolide sulfonate attenuated immune responses
induced by poly I:C.

3.3. Andrographolide sulfonate inhibited mucin expressions in poly
I:C induced lung

Mucus hypersecretion is a common pathological feature seen in
many acute and chronic respiratory conditions.'” The two pre-
dominant mucins of the human airway are MUC5AC and MUC5B.?°
MUC5AC is implicated in pulmonary diseases with mucus hyper-
secretion; and MUC5B is associated with familial interstitial
pneumonia and idiopathic pulmonary fibrosis.”**> We therefore
tested whether andrographolide sulfonate could regulate the
expression of mucin. We observed that, consistent with previous
results, the poly I:C group exhibited increased gene and protein
expression of MUC5AC and MUC5B compared to the normal group

Journal of Pharmacological Sciences 144 (2020) 189—196

(Fig. 4A and B). In contrast, mice treated with andrographolide
sulfonate showed significant decrease of MUC5AC and MUC5B
expression levels following poly I:C stimulation (Fig. 4A and B). It
has been previously reported that MUC1 is a host factor known to
host protects against severe pneumococcal disease.”> Unlike the
dexamethasone treatment group, there was no note difference
between the andrographolide sulfonate group and the poly I: C-
treated group. These results indicated that andrographolide sulfo-
nate inhibited MUC5AC and MUC5B but not MUC1 expressions
induced by poly I:C.

3.4. Andrographolide sulfonate reduced ploy I:C-induced activation
of NF-«B signaling

Signaling pathways that are responsive to viral infection or
dsRNA involve activation of transcription factors such as NF-kB and
IRF3.%* Besides, several reports described that a requirement for
NF-kB in MUC5AC expression.”>>®> We next analyzed the NF-«B
activation of individual groups. As shown in Fig. 5, poly I:C
administration caused phosphorylation of p65 in the injured lung
from mice with pneumonia. When treated with andrographolide
sulfonate, the expression of p-p65 was significantly reduced.
However, it should be noted that andrographolide sulfonate didn’t
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Fig. 5. Andrographolide sulfonate decreased activations of NF-«B in the lung of mice with poly I: C-induced pneumonia. Paraffin-embedded lung tissue sections from each group

were stained for p-p65. Scale bar 100 pm. Andro-S: andrographolide sulfonate.

affect IRF3-mediated immune response. Q-PCR showed that the
downstream of IRF3 including IFN-, CCL5, CXCL10 remains un-
changed versus poly I: C group (Fig. s1). According to these findings,
andrographolide sulfonate reduced ploy I:C-induced activations of
NF-kB signaling, whereas did not affect poly I:C-induced IRF3-
mediated immune response.

4. Discussion

In our study here, a mouse model of poly I:C-induced pneu-
monia was used to evaluate the therapeutic effect of androgra-
pholide sulfonate. According to previous studies, we characterized
that andrographolide sulfonate has anti-inflammation activ-
ity.'>?%27 As we expected, andrographolide sulfonate significantly
inhibited the pneumonia model induced by poly I:C. In our
research, we found andrographolide sulfonate significantly inhibi-
ted obviously the recruitment of airway inflammatory cells and the
production of pro-inflammation cytokines in the mouse pneu-
monia model induced by poly I:C (Figs. 2—3). Next this finding was
confirmed by detecting the activation of NF-kB. The result showed
that poly I:C stimulation increased NF-kB phosphorylation and pro-
inflammation cytokines production. After treatment with androg-
rapholide sulfonate, the NF-kB phosphorylation was much less than

194

that of poly I:C stimulation, and IL-6, TNF-a and IL-1f production
induced by poly I:C were abrogated (Figs. 3—4).

Poly I:C, a synthetic analog of dsRNA associated with viral in-
fections, that is used to exacerbate inflammation in lung injury
models.’730 Poly I:C is recognized by toll-like receptor 3 (TLR3),
which lead to the activation of IRF3 and NF-kB for the induction of
type I IFN and inflammatory cytokines, respectively.>'—> LPS, a
major component in Gram-negative bacteria, has been used to
induce pneumonia caused by bacterial.®> Recently, virus-induced
pneumonia is a considerably important matter all over the world.
Development of pharmacotherapy for virus-induced pneumonia is
very important issue. Andrographolide sulfonate (trade name: Xi-
Yan-Ping Injection), is an approved clinical medicine in China,
prescribed as a treatment for upper respiratory tract infection. We
first identified the importance and mechanism of andrographolide
sulfonate on the therapy function of pneumonia induced by poly
I:C. Also, the results of our study may provide experimental evi-
dence for the use of andrographolide sulfonate for COVID-19 pa-
tient as several clinical trials are ongoing in China.

Intriguingly, we found that andrographolide sulfonate had
little effect on IFN-B, CCL5, CXCR10 gene expression (Fig. s1),
which suggesting andrographolide sulfonate has little effect on
IRF3-mediated anti-virus immune response. These results sug-
gested that andrographolide sulfonate selectively inhibited NF-
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kB activation to ameliorated pneumonia induced by poly I:C in
mice.

Mucus hypersecretion is a common pathological feature seen in
many respiratory conditions.”” MUC5AC and MUC5B are the two
predominant mucins of the human airway.?° MUC5AC is implicated
in pulmonary diseases with mucus hypersecretion; and MUC5B is
associated with familial interstitial pneumonia and idiopathic
pulmonary fibrosis.** % Accumulating evidence suggests that
activated NF-«B signaling pathways actively engage the expression
of MUC5AC and MUC5B.>>*7 Consistent with previous results,
andrographolide sulfonate suppressed the expression of MUC5AC
and MUCS5B. This is further explained that andrographolide sulfo-
nate could alleviate the symptoms of pneumonia.

In conclusion, our work demonstrated that andrographolide
sulfonate could inhibit pneumonia induced by poly I:C, mecha-
nisms involving inhibition of the activation of NF-kB. Thereby,
andrographolide sulfonate suppressed NF-kB-mediated inflam-
mation cytokines production and MUC5AC and MUC5B expression.
However, more in vitro studies exploring the biological activity are
needed in further work. Our study not only reveals the possible use
of andrographolide sulfonate on pneumonia induced by virus in
clinical but also sheds light on discovering promising potential drug
target.
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