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Abstract

Airway smooth muscle cells (ASMCs) have been recommended as a target for the treatment
of inflammation and narrowing of the airways in asthma. New safe and efficient approaches
to relieve symptoms caused by ASMCs is highly desired. Inspired by the inhibitory effects of
tea polyphenols on vascular smooth muscle cells (VSMCs), tea polyphenols were applied in
the current work to evaluate their regulation of ASMCs in vitro. A dose-dependent decrease
of ASMCs density was observed after 24 h incubation with tea polyphenols. Additionally,
ASMCs were significantly more sensitive to tea polyphenols than human bronchial epithelial
cells (HBECs). Tea polyphenol treatment led to a dose dependent inhibition on ASMC
migration and reduced the gene expression of nuclear factor-kB (NF-kB). In studies which
compared the four main polyphenolic constituents of tea polyphenols—including epicatechin
(EC), epicatechingallate (ECG), epigallocatechin (EGC) and epigallocatechingallate
(EGCG)—on the proliferation of ASMCs, EGC was identified as being the most potent.
These results suggest tea polyphenols are a promising agent for ASMCs targeted asthma
control.

Keywords: Tea polyphenols; asthma; airway smooth muscle cells; antioxidant; EGC
1. Introduction

The acute narrowing of the airway and airflow obstruction in asthma is caused by abnormal
contractions as well as mass increase of airway smooth muscle (ASM) (Solway & Irvin,
2007). Airway smooth muscle cells (ASMCs) are known to release a wide range of cytokines
such as interleukin-5 (IL-5), interleukin-13 (IL-13), and transforming growth factor-p1
(TGF-B1) which cause inflammation in asthma (Doeing & Solway, 2013). Therefore ASMCs
has been recommended as an important therapeutic target for asthma treatment. Several drugs
targeting ASMCs have been developed over the past few decades, including B-agonists,
anti-histamines and anti-leukotrienes (Siddiqui et al., 2013). Unfortunately, while they can
relieve the symptoms of dyspnea, they have limited effects on the structural alterations of the
airways caused by diseased ASM.

Bronchial thermoplasty is an FDA approved technology to control increased ASM mass in
severe asthmatics which do not respond to conventional therapies such as inhaled
corticosteroids (ICS) and long-acting p2-agonists (LABAs) (Wahidi & Kraft, 2012). It aims
to reduce ASM mass in the airways via delivering controlled thermal energy through a
bronchoscopically placed probe to the airway walls within a series of three bronchoscopies.
Improvements in the patient’s quality of life have been confirmed after bronchial
thermoplasty (Wechsler et al., 2013). Unfortunately, this technology is only applicable in
bronchi with diameters larger than 3mm and involves considerable complications (three
separate bronchoscopic procedures, potential damage to healthy tissue, high cost, etc.)
(Solway & Irvin, 2007). Therefore, bronchial thermoplasty has thus far only been
recommended for severe asthma patients and further refinement is needed to improve its
performance and potential application to a broader patient population. Development of safe
and efficient approaches to control or reduce ASM mass beyond bronchial thermoplasty is
needed.
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Tea polyphenols are natural plant compounds found in tea, including catechins, theaflavins,
tannins, and flavonoids. These chemicals are speculated to provide potential health benefits to
human beings. Tea polyphenols have been previously found to inhibit the adhesion, migration
and proliferation of vascular smooth muscle cells (VSMCs). The exposure of tea polyphenols
to VSMCs can suppress the level of phosphorylated Akt (p-Akt), nuclear factor-«B (NF-«xB),
tumor suppressor p53 and each subsequent target genes or proteins (Hofmann & Sonenshein,
2003; Yallapu, Jaggi, & Chauhan, 2010). However, despite the known effects of tea
polyphenols on VSCMCs, there is no information available on their effects on ASMCs.
Therefore, we hypothesized that tea polyphenols can be used as a potential agent to control or
reduce the mass of ASM.

2. Materials and Methods

2.1 Effects of tea polyphenols on the proliferation of ASMCs and human bronchial epithelial
cells (HBECs)

ASMCs were derived from rat by our group as previously described (Wang et al., 2016) and
HBECs were purchased from ATCC. Cells for all studies were used between passage 3 and 5.
Reagents unless stated otherwise used for in vitro study were from Thermo Fisher Scientific,
Inc. (Waltham, MA, USA). The tea polyphenols tested (98% purity) were purchased from
Yuanye Co., Ltd (Shanghai, China).

In the proliferation study, ASMCs were trypsinized and seeded at 1x10%cells/well in 96-well
plates with Dulbecco's modified Eagle's medium (DMEM) contained 0.5% fetal bovine
serum (FBS). After 12h incubation at 37 <C under humidified atmosphere of 5% CO,, ASMCs
were cultured with different concentrations of tea polyphenols (0, 0.01, 0.025, 0.05, 0.075,
0.1 mg/mL, n=6) for 24 h. Cell proliferation was assessed by MTT assay. The cellular
morphology of treated ASMCs were visualized using an optical microscope (Carl Zeiss).
HBECs were seeded at 1x<10*cells/well and treated similarly to ASMCs.

2.2 Migration assay of ASMCs exposed to tea polyphenols

ASMCs were seeded at 1<10° cells/well in 6-well plates and incubated at 37<C and 5% CO,
with complete medium until 90% confluence was reached. After that, a horizontal scratch
wound was generated across each well using a pipette tip to make the cell free area with clear
edges. The residual cells were washed twice with PBS and then treated with different
concentrations of tea polyphenols (0, 2.5, 5, 10 ug/mL). The migration behaviors of ASMCs
were characterized using live cell imaging system (Carl Zeiss) after 0, 24, and 48 h of
incubation.

2.3 RT-PCR study of NF-xB expression in tea polyphenols treated ASMCs

In brief, 5>10* ASMCs were added to each well of a 6-well plate and grown in DMEM. Cells
were monitored until they reached approximately 80% confluence, the culture medium was
then removed and DMEM with 0, 5, 10 pg/mL tea polyphenols was added. After 24h
incubation, the total RNA was extracted with Trizol and reverse transcribed to cDNA using
random primers. Subsequently, the expression level of NF-kB was analyzed by real time
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polymerase chain reaction (RT-PCR) using the real-time fluorescence quantitative PCR
system (Applied Biosystems) with the following primer pairs:

NF-xB:Forward5'-TTATCAACCACCCCAACGGG-3',
Reverse5'-GCTCCTGAGCGTTGACTTCT-3;
GAPDH:Forward5-GCCATCAACGACCCCTTCAT-3,
Reverse5'-GATGGTGATGGGTTTCCCGT-3'.

2.4 The effects of EC, ECG, EGC, EGCG or Vitamin C on the proliferation of ASMCs

It is well-known that tea polyphenols are a complex of different polyphenols. Four of the
main polyphenolic constituents of tea polyphenols including epicatechin (EC),
epicatechingallate (ECG), epigallocatechin (EGC), epigallocatechingallate (EGCG) were
applied to evaluate their ability to inhibit the proliferation of ASMCs (Table 1). All of the
selected compounds belong to catechins, which occupy over 70% polyphenolic constituents
of tea polyphenols. All chemicals had a purity of 98% and were purchased from Nanjing
Spring & Autumn Biological Engineering Co., Ltd. The in vitro experiment procedures
followed section 2.1 above and used a polyphenol concentration of 10 pg/mL. In addition,
EGC was further applied to ASMCs with a concentration ranging from 1 to 20 pg/mL.

Table 1 Molecular structure of tested tea polyphenols

Tea Polyphenols OH
OH
HO o
R1
OR,
OH
Compound EGCG EGC ECG EC
R1 -OH -OH -H -H
OH OH

I OH I OH
R2 —cC -H —cC -H

OH OH

Vitamin C, a known anti-oxidant, was used to investigate whether the effect of the tea
polyphenols is based on its anti-oxidative properties (Lo, Hung, Huang, & Wu, 2007).
Experiments which included vitamin C followed the same procedure as described in section
2.1 using 10 pg/mL of vitamin C (Aladdin, Shanghai, China) instead of tea polyphenols and
EGCG was used for comparisons.
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2.5 Statistical analysis

All experiments were independently repeated at least three times. Statistical analysis for
multiple comparisons was performed using t-test. A level of p < 0.05 was considered
statistically significant.

3. Results
3.1 Effects of tea polyphenols on the proliferation of ASMCs and HBECs

ASMCs exposed to tea polyphenols (Fig.1a) exhibited a dose-dependent decrease in
metabolic activity after 24 h incubation as assessed by MTT (p<0.05). Representative images
of ASMCs treated with the tea polyphenols are shown in Fig.1b-c. The morphology of
ASMCs qualitatively changed from spindle-shaped to irregular when high doses of tea
polyphenols were applied. In order to determine if tea polyphenols also effect other cell types
in the airways, we repeated these same experiments using HBECs. In contrast to the
dose-dependent effects we observed in ASMCs, we observed no significant decreases in
HBECs with tea polyphenol treatment, even in the presence of increasing doses (Fig.1d). In
order to better understand the kinetics of the tea polyphenols in inhibiting cellular viability,
we determined the half maximal inhibitory concentration (IC50) value of tea polyphenols on
the ASMCs and HBECs. We calculated these to be 14.59 and 4612 pg/mL respectively,
significantly different from each other (Fig.2). Therefore, in all subsequent studies, we used
tea polyphenols at a maximum concentration of 10 pg/mL.
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Fig.1 Tea polyphenols selectively reduce the proliferation of ASMCs: (a) proliferation of
ASMC:s after exposure to different concentrations of tea polyphenols for 24 h, “*” refers to
p<0.05; (b) morphology of normal ASMCs under optical scope; (c) morphology of ASMCs

treated with 100 g/mL tea polyphenols; (d) proliferation of HBECs after exposed to
different concentrations of tea polyphenols for 24 h
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Fig.2 ICs values of tea polyphenols on the ASMCs (circles) and HBECs (squares)

3.2 Inhibitory effects of tea polyphenols on migration of ASMCs

The inhibitory effects of tea polyphenols on migration of ASMCs were investigated by
performing in vitro migration assays where a small scrape was made across a confluent
monolayer of ASMCs. It could be seen visually that there was complete recovery of the
denuded space by the migration and proliferation of ASMCs at 48 h (Fig.3a). On the contrary,
ASMCs exposed tea polyphenols had statistically significant delays (p<0.05) in closure of the
denuded space at each time point; the level of delay increased with the increased tea
polyphenols concentrations (Fig.3). When the concentration of tea polyphenols reached 10
o/mL, almost no cell migration or proliferation was observed.
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Fig.3 Tea polyphenols impact migration in a dose dependent manner. Migration of ASMCs
after exposure to different concentrations of tea polyphenols: (2) tea polyphenols inhibited
ASMCs migration in wound healing assay; (b) Quantification of wound closure, higher tea
polyphenols concentration resulted in less wound closure. Scale bar is 500 um and “*” refers
to p<0.05
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3.3 Ef#ects of tea polyphenols on NF-«B expression in ASMCs

Owing to previous reports which have documented that tea polyphenols can inhibit
inflammation, we next explored whether there was a relationship between the concentrations
of tea polyphenols with the well-known inflammatory factor, NF-xB, in ASMCs. When tea
polyphenols concentration of 5 pg/mL was applied to ASMCs, NF-kB expression did not
significantly different as compared to control group. However, when concentrations of 10
o/mL was used, we observed a strong inhibition of NF-kB expression in ASMCs (p<0.05)

(Fig 4).
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Fig.4 NF-kB mRNA expression was inhibited by tea polyphenols treatment at high dosage in
ASMC, “*” refers to p<0.05

3.4 The effects of EC, ECG, EGC, EGCG, and Vitamin C on the proliferation of ASMCs

In order to determine which of the main constituents of tea polyphenols were responsible for
the observed effects, we next treated with each of the four main components: EC, ECG, EGC,
and EGCG. We found that all four tested polyphenols EC, ECG, EGC, EGCG all significantly
reduced the proliferation of ASMCs (p<0.05) (Fig. 5a). Because EGC was observed to be the
strongest inhibitor of ASMCs, we then sought to further understand the dose dependent
effects of EGC on ASMCs behavior. We found that EGC treatment resulted in a
dose-dependent decrease of ASMCs (Fig. 5b).

Considering the fact tea polyphenols are well known anti-oxidants, we sought to determine if
the effects which we observed were due to the anti-oxidant behavior of tea polyphenols. In
order to address this question, we treated ASMCs with the well-known anti-oxidant Vitamin
C. While Vitamin C at a concentration of 10 pg/mL inhibited the proliferation of ASMCs
(p<0.05), this inhibition was not to the same extent at which EGCG effected proliferation at
the same concentration (Fig.6), indicating that the effect of the tea polyphenols is not
exclusively due to its anti-oxidative properties.
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Fig.5 In vitro results of the proliferation of ASMCs after exposure to polyphenolic
constituents of tea polyphenols: (a) EC, ECG, EGC, EGCG all inhibited the proliferation of
ASMCs; (b) EGC showed a dose-dependent inhibitory effect on ASMCs proliferation; “*”

refers to p<0.05
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Fig.6 Vitamin C inhibited the proliferation of ASMCs (p<0.05), but not as well as EGCG of
the same concentration (p<0.05)

4. Discussion

Tea is the one of the most frequently consumed beverages worldwide, and its significant
anti-oxidative, anti-inflammatory, anti-microbial, anti-carcinogenic, anti-hypertensive,
neuro-protective, cholesterol-lowering, and thermogenic properties are well documented
(Hayat, Igbal, Malik, Bilal, & Mushtaq, 2015). With regard to their potential in asthma
therapies, the beneficial effects of tea polyphenols have been previously illustrated. Hirota et
al. reported that tea consumption exerted an inhibitory effect on airway hyperresponsiveness
in mice and attenuated increases in allergic inflammation and increased the production of
adiponectin (Hirota, Ngatu, Miyamura, Nakamura, & Suganuma, 2011). Reinhart et al.
observed that the polyphenolic constituent EGCG can reduce airway inflammation in mice by
binding to proinflammatory chemokines and inhibiting inflammatory cell recruitment (Qin et
al., 2011). Additionally, tea polyphenols can also provide protection for HBECs exposed to
oxidative damage (Qing, Chen, & Xiang, 2010). Beyond these impressive results of tea
polyphenols, to the best of our knowledge this is the first report which explores their
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inhibitory effects on ASMCs. As described in introduction, the inhibitory effect of tea
polyphenols on another smooth muscle cells VSMCs are well studied. Meanwhile, though
VSMCs and ASMCs are both considered as smooth muscle cells, they are still quite different
from each other (Fernandes, McConville, Stewart, Kalinichenko, & Solway, 2004): 1)
contractile protein, transcription factor expression and regulation of contractile protein
promoter activity of ASMCs and VSMCs are different: 2) the embryonic developmental
signals in mice required for differentiation of ASM versus pulmonary VSM are distinct; c) in
addition, application of ASM-specific gene therapies would induce minimal side effects on
other lung smooth muscle tissues. Therefore, whether tea polyphenols can be used as a
dietary supplement or drug candidate to control or reduce the mass of ASM instead of VSM
was uncertain before this work.

In the present work, our results demonstrated the remarkable effects of tea polyphenols on the
proliferation and migration of ASMCs. The proliferation and migration of ASMCs are
associated with the growth of airway smooth muscle mass. The proliferation and migration of
ASMCs following tea polyphenols treatment showed a significant dose-dependent inhibition,
indicating tea polyphenols may be effective in controlling remodeling of ASM. Further, we
examined whether tea polyphenols additionally have anti-inflammatory effects. We
determined that tea polyphenols can inhibit NF-xB expression in ASMCs. NF-kB plays
important roles in the pathogenesis of inflammation after asthma occurrence. NF-xB is a
transcription factor expressed in numerous cell types, which plays a key role in the
expression of many pro-inflammatory genes; there is a wealth of evidences indicating
enhanced NF-xB pathway activation in asthmatic tissues and much of the underlying
inflammation of asthma independent of stimuli, is mediated at least in part, by NF-xB
mediated signaling events in several cell types (Edwards et al., 2009). Consequently, NF-xB
has been recommended as a potential target for the effective treatment for asthma. Our results
are the first to demonstrate that tea polyphenols can inhibit NF-xB in ASMCs though the
inhibition of NF-kB could be caused by a cytotoxic effects, but previous studies, have
reported on the ability of tea polyphenols to inhibit the activation of NF-kB in other cell types
(Li et al., 2014; Nomura, Ma, Chen, Bode, & Dong, 2000; Park, Jeong, Jeong, Park, & Kim,
2011). In summary, these observations point to the potential development of a safe and
efficient approach to control or reduce ASMCs caused risks of asthma patients in daily life as
an alternative to known asthma control approaches.

A major open question following our study is how tea polyphenols exert the effects we
observed. Future studies will be needed to further understand the exact mechanism of action.
An intriguing observation in our study is that ASMCs seem to be specifically responsive to
tea polyphenols as compared to HBECs. One possible explanation is that specific
intracellular pathways which can respond to tea polyphenols only exist in ASMCs, but not in
HBECs. This will need to be further clarified in future studies.

In this study, we also evaluated the effects of antioxidant vitamin C on the proliferation of
ASMCs. An inhibitory effect was also observed, though not as significant as EGCG. Vitamin
C has been well accepted as a highly effective anti-oxidant, similar to tea polyphenols.
Similarly, in work conducted by Quet al., they reported the ability of another well-known
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antioxidant, curcumin, to inhibit the proliferation of ASMCs in vitro and in vivo (Zeng et al.,
2013). Curcumin also belongs to the family of polyphenol, but shows poor water solubility as
compared to tea polyphenols. The possible inhibitory mechanisms of curcumin on ASMCs in
that study was suggested to be the up-regulation of the expression of caveolin-1 and
inhibition of the ERK pathway. These will be important areas of investigation in future work.

\\ Macrothi“k Journal of Biology and Life Science

Effective anti-oxidants, such as polyphenols, could therefore have potential applications in
the control of the excessive growth of ASMCs. Previously, the anti-oxidation ability of EC,
ECG, EGC, and EGCG has been shown to be EGCG=EGC>ECG>EC (Choi & Jung, 2013).
However, in current work, EGC was the best inhibitor of ASMCs, indicating that the
molecular structure of the specific polyphenol may also have impacts on its effects on
ASMC:s, although the kinetics have not been fully examined here. Indeed in a previous study
of VSMCs, the inhibitory effect of tea polyphenols was suggested to be related to its
molecular structure with abundant hydroxyl groups and gallate rings, which possibly bind to
specific sites and thus interrupt the exogenous signals required for the proliferation and
growth of cells (Han et al., 2006; Kim & Moon, 2005). Therefore, more detailed studies on
the mechanism to guide the design of potent polyphenolic drugs to inhibit ASMCs are needed
in future.

5. Conclusions

In conclusion, the principal findings of the present work are as follows: 1) tea polyphenols
can inhibit the proliferation, migration and NF-xB expression of ASMCs; 2) the effects of tea
polyphenols on ASMCs may be partly associated with its anti-oxidative property; 3) its
polyphenolic constituents with different molecular structure exhibit variation on the
inhibitory effect of ASMCs proliferation, and EGC seems to be the best candidate among
tested catechins. Our observations may have both dietary and therapeutic implications in the
treatment of asthma. Tea polyphenols may be a safe and efficient approach to control or
reduce ASM mass.
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