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Background: In chronic obstructive pulmonary disease (COPD), M2 macrophages release multiple tissue repair-
related factors, leading to airway remodeling, a significant pathological characteristic. Meanwhile, effective-
components combination (ECC), derived from Bufei Yishen formula (BYF), is an effective treatment for COPD.
Purpose: To determine the potential mechanisms of ECC in airway remodeling in COPD by suppressing M2
macrophage polarization.

Methods: We established a rat COPD Model using exposure to cigarette smoke and bacterial infection to inves-
tigate the efficacy of ECC. We also treated macrophages with IL-4 for 12 h to explore the in vivo effect of ECC on
M2 macrophage polarization and mTORC2 signals.

Results: The disease severity of COPD rats could be alleviated by ECC treatment, which improved pulmonary
function and alleviated pathological injuries in lung tissue and the inflammatory cytokine levels. Meanwhile,
ECC could ameliorate airway remodeling by reducing collagen deposition, hindering airway mucus hyperse-
cretion and smooth muscle cell proliferation, and reducing the number of M2 macrophages in the lung tissues of
COPD rats. Furthermore, with IL-4-induced macrophages, we found that ECC could suppress M2 macrophage
polarization by decreasing the levels of M2 macrophage markers. Finally, we discovered that ECC inhibited
mTORC2 activity by examining p-mTOR?*®! and its downstream protein p-Akt*’>.

Conclusions: ECC exerts beneficial effects on airway remodeling in COPD rats, likely by suppressing M2
macrophage polarization via the inhibition of mTORC2 activity.

Introduction remodeling is a process involving multiple pathological changes,

including collagen deposition, peribronchial fibrosis, and hyperplasia of

Chronic obstructive pulmonary disease (COPD) is a common, pre-
ventable, and treatable disease that is also progressive and often irre-
versible (Global Initiative for Chronic Obstructive Lung Disease 2021).
Owing to its high morbidity and mortality, COPD has been the third
leading cause of death worldwide (Lortet-Tieulent et al., 2019). Airway

airway epithelial cells (Hirota and Martin, 2013), leading to almost
irreversible airway obstruction and a subsequent decrease in lung
function (Hogg et al., 2004). Bronchodilators and glucocorticosteroids
are usually used to treat airway remodeling. However, they can only
decrease the severity of the disease and improve the patients’ quality of
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Table 1

Primer sequences for real-time PCR.

Gene Forward primer (5'-3") Reverse primer (5'-3")

Arg-1 TGTCCCTAATGACAGCTCCTT GCATCCACCCAAATGACACAT
IRF4 AAAGGCAAGTTCCGAGAAGGG CTCGACCAATTCCTCAAAGTCA
KLF4 GTGCCCCGACTAACCGTTG GTCGTTGAACTCCTCGGTCT
PDGFA TGGCTCGAAGTCAGATCCACA TTCTCGGGCACATGGTTAATG
TGF-p CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
CTGF GACCCAACTATGATGCGAGCC CCCATCCCACAGGTCTTAGAAC
GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA

life, and they are ineffective in slowing down the development of lung
injury and airway remodeling (Jones et al., 2016; Tashkin et al., 2008).
Therefore, it is necessary to develop new drugs for airway remodeling in
COPD.

Noxious particles or gas exposure can recruit inflammatory cells,
such as dendritic cells and macrophages, causing chronic airway
inflammation and tissue remodeling in COPD patients. Two types of
polarized macrophages, classically activated (M1) or activated (M2),
play various critical roles in chronic inflammation and abnormal tissue
repair in COPD (Parisi et al., 2018). M1 macrophages, induced by Thl
cytokines, produce a large amount pro-inflammatory cytokines to
participate in the inflammatory response (Yamasaki and Eeden, 2018).
On the contrary, M2 macrophages, induced by Th2 cytokines, over-
express arginase-1 (Arg-1), interferon regulatory factor 4 (IRF4) and the
mannose receptor CD206 (Mrcl) and release transforming growth
factor-p (TGF-p) (Hou et al., 2018; Mills et al., 2000), resulting in
myofibroblast activation, smooth muscle hyperplasia, and abnormal
tissue repair (Shaykhiev et al., 2009). Thus, M2 macrophages play a
crucial role in the airway remodeling of COPD (Vlahos and Bozinovski,
2014).

The generation of M2 macrophages is affected by mTOR signaling.
The mechanistic target of rapamycin (mTOR) senses and integrates
environmental factors to mediate cell metabolism, survival, aging, and
growth. The mTOR signal is composed of mTOR complex 1 (mTORC1)
and mTOR complex 2 (mTORC2) (Zeng et al., 2016). mTORC1, which
typically phosphorylates p70 S6 kinase (S6K), is crucial for the differ-
entiation of T cells into Th1/Th17 cells. By contrast, nTORC2 typically
phosphorylates Akt at serine 473, playing a crucial part in Th2 cell
differentiation (Linke et al., 2017). In addition, blocking mTORC2 can
reduce the generation of M2 macrophages (Hallowell et al., 2017).
Moreover, mTORC2 activation can increase the metabolism of M2
macrophages (Huang et al., 2016). Therefore, we hypothesized that
mTORC2 activation-mediated M2 macrophage polarization contributed
to airway remodeling in COPD.

On the other hand, the Bufei Yishen formula (BYF) (Patent
71.201110117578.1), composed of 12 Chinese medicines, is effective in
improving clinical symptoms, reducing the frequency of acute episodes,
and improving the quality of life of patients with stable COPD (SY Li
et al.,, 2012). In addition, BYF has beneficial effects on COPD rats by
decreasing inflammatory responses, improving airway remodeling, and
reducing pulmonary pathological impairment (Li et al., 2014). However,
thousands of compounds in the 12 Chinese herbal drugs that make up
BYF make it difficult to identify the active substances in BYF or delineate
the mechanism of BYF. Thus, five active compounds, including nobile-
tin, paeonol, icariin, 20-S-ginsenoside Rh1, and astragaloside IV, were
identified in BYF and combined into an effective-components combi-
nation (ECC), the bioactive equivalent of BYF on COPD rats (Li et al.,
2020). However, the mechanism of ECC remains unclear.

Here, we established the COPD Model in rats to observe the effects of
ECC on the M2 macrophages in the lung tissue and airway remodeling in
COPD. In addition, the underlying mechanisms of ECC in regulating M2
macrophage polarization by inhibiting mTORC2 signals were explored
in vitro.
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Materials and methods
Animals and chemicals

Forty-eight Sprague-Dawley rats (Laboratory Animal Center of
Henan Province, Zhengzhou, China) were used. All procedures were
approved by the First Affiliated Hospital, Henan University of Tradi-
tional Chinese Medicine in Zhengzhou, China (Batch number:
DWLL202003210; March 30, 2020).

ECC consisted of 12.5 mg/ml 20-S-ginsenoside Rh1 (PubChem CID:
1285592), 2.5 mg/ml astragaloside IV (PubChem CID: 13943297), 50
mg/ml icariin (PubChem CID: 5318997), 2 mg/ml nobiletin (PubChem
CID: 72,344), and 3.125 mg/ml paeonol (PubChem CID: 11092)
(Chengdu Must BioTech Co., Ltd., Chengdu, China). The purity of all
compounds was more than 98%. The rat interleukin-6 (IL-6) (ERC003),
IL-1p (ERCO007), and TNF-a (ERC102a) enzyme-linked immunosorbent
assay (ELISA) kits were from Neobioscience (Shenzhen, China). Rat
MMP-9, TIMP-1, and VEGF were examined using various ELISA Kkits
(Boster, Wuhan, China). Rat MMP-12, COL-I, COL-III, and bFGF were
examined using specific ELISA kits (Elabscience Biotechnology, Wuhan,
China). Finally, rat AQP5 and MUC5AC were detected in the BALF using
ELISA Kkits (Cusabio Biotech Co., Ltd., Wuhan, China).

COPD Model preparation and administration

The animals were randomly divided into four groups: Normal,
Model, ECC, and APL, with 12 animals per group. From week 1 to 8, the
COPD Model animals were stimulated by tobacco smoke at 3000 + 500
ppm for 40 min and administered with 0.1 ml of Klebsiella pneumoniae at
6 x 108 CFU/ml to both nostrils alternately. The Normal animals
received saline instead of the bacterial solution (Li et al., 2012b). From
week 9 to 16, the Normal and Model groups were intragastrically
administrated with Normal saline, whereas the ECC and APL groups
were intragastrically administered with 5.5 mg/kg/d ECC and 54
mg/kg/d aminophylline (APL) suspensions, respectively. The lung tissue
samples were harvested at the end of week 16.

Cell culture

The mouse-derived alveolar macrophages, MH-S cells (Procell,
Wuhan, China), were cultured at 37 °C, 5% CO,, and 95% humidified
air. Macrophages were treated with 35.0625 or 70.125 pg/ml ECC or
0.1% dimethyl sulfoxide for 3 h and stimulated by 20 ng/ml IL-4 for 12
h. Then, samples were harvested.

Pulmonary function analysis

We measured the tidal volume (Vp), minute volume (MV), peak
expiratory flow (PEF), and expiratory flow at 50% tidal volume (EF50)
using unrestrained pulmonary function plethysmography. On the other
hand, functional residual capacity (FRC), forced expiratory volume at
0.1 s (FEV 0.1), and forced vital capacity (FVC) were detected at the end
of week 16.

Histopathology

The lung tissue slices were stained with hematoxylin—eosin (HE), AB-
PAS, or Masson’s trichrome (Servicebio, Wuhan, China) and observed
using optical microscopy (Olympus, Tokyo, Japan). The mean alveolar
number (MAN) and mean linear intercept (MLI) of the lung sections
were counted using Adobe Photoshop CC. IPP 6.0 was used to examine
collagen volume fraction.

Immunohistochemistry

The lung slices were covered with 3% BSA for 30 min and incubated
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Fig. 1. Effective-components combination
(ECCQ) effectively improved severity of COPD.
(a): the chemical structure of ECC compounds.
(b): the tidal volume (Vy), minute volume
(MV), peak expiratory flow (PEF) and expira-
tory flow at 50% tidal volume (EF50). (c): the
functional residual capacity (FRC), forced vital
capacity (FVC), and forced expiratory volume
at 0.1 s (FEV 0.1). (d): HE staining of lung
tissue in rats (200 x). (e): Mean linear inter-
cept (MLI). (f) Mean alveolar number (MAN).
(g): Mean small airway wall thickness. (h), (i),
(j): The levels of IL-6, IL-1p and TNF-« in the
serum. All data showed as the mean + SEM (n
=6). * p <005 * p < 0.01, vs. Normal
group; * p < 0.05, ** p < 0.01, vs. Model
group.
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Fig. 2. Effective-components combination (ECC) alleviated airway remodeling on COPD. (a): Masson staining (magnification, 200 x) and collagen volume fraction.
(b): Expression level of a-Smooth muscle actin (a-SMA) (200 x) and the integral optical density (IOD) of a-SMA. (c): AB-PAS staining imagines of the airway (200 x,
400 x). (d), (e): Level of Collagen 3 (COL-3) and Collagen 1 (COL-1) in the bronchoalveolar lavage fluid (BALF). (f), (g): Expression levels of mucin 5SAC (MUC5AC)
and recombinant aquaporin 5 (AQP5) in the BALF. (h), (i), (j): Levels of MMP-9, TIMP-1 and MMP-12 in the serum. All data showed as the mean = SEM (n = 6). * p <

0.05, ## p < 0.01, vs. Normal group; * p < 0.05, ** p < 0.01 vs. Model group.

with the anti-a-SMA, anti-CD68, or anti-CD206 antibodies using the
DAB solution (Servicebio, Wuhan, China). In addition, integral optical
density was detected using IPP 6.0.

Immunofluorescence

The cells plated in 15-mm confocal dishes (Biosharp, Beijing, China)
for 24 h were treated with ECC and IL-4 for 12 h. Then, they were fixed
with 4% formaldehyde for 15 min, permeabilized with 0.3% Triton X-
100 for 30 min, and blocked with the blocking buffer for 2 h. Next, the
cells were incubated with the primary Arg-1, CD206, TGF-B, p-Akt*’3, p-
mTOR2*!, p-STAT6, p-STAT3, or CTGF antibodies overnight at 4 °C,
with corresponding secondary antibodies for 2 h, counterstained with

DAPI for 2 min, and mounted in the antifade mounting medium.
Western blotting

The cells were lysed on ice using a protein extraction kit. First, we
measured the protein concentration. Next, the denatured protein was
subjected to electrophoresis and blotted onto polyvinylidene difluoride
membranes. After blocking with 5% non-fat milk in 1 x TBST, mem-
branes were incubated with the primary antibodies at 4 °C overnight and
the corresponding secondary antibodies. Then, we detected the protein
bands using the ECL reagent.
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Fig. 3. Effective-components combination (ECC) reduced the quantity of macrophages and M2 macrophages and suppressed the expression of tissue repair-related
factors on COPD. (a), (b): the levels of CD68 (200 x) and CD206 (200 x), and the integral optical density (IOD) of CD68 and CD206. (c), (d): Level of VEGF and bFGF
in the serum. All data showed as the mean + SEM (n = 6). * p < 0.05, *# p < 0.01, vs. Normal group; * p < 0.05, ** p < 0.01, vs. Model group.

RNA extraction and PCR

Total RNA was obtained from MH-S cells using the TRIZOL reagent
(Invitrogen, Carlsbad, CA, USA). ¢cDNA was synthesized using the
HiScript II Q RT SuperMix (Vazyme, Nanjing, China) with 1 pg of RNA.
Real-time PCR reactions were conducted using ChamQ Universal SYBR
(Vazyme, Nanjing, China) and specific primers (Table 1) in an Applied
Biosystems 7500 instrument (AB, CA, USA).

Statistical analysis

SPSS 26.0 was used to analyze all data. All data were presented as
mean + SEM. The significances between the means of different groups
were assessed using a one-Way ANOVA. The differences were consid-
ered statistically significant when p-values < 0.05.

Results
ECC ameliorated disease severity of COPD rats

Testing pulmonary function is the basis of diagnosing COPD. In
addition, histopathological changes and inflammatory responses are
important characteristics of COPD. Therefore, we investigated the ef-
fects of ECC on COPD rats by comparing the pulmonary function,
pathological changes, and inflammatory cytokine levels in the ECC-
treated rats to those in the untreated ones.

FRC, FVC, FEV 0.1, V1, MV, PEF, and EF50 of the Model rats with
induced COPD were reduced compared to those in the Normal rats,
whereas those in the COPD rats treated with ECC or APL were increased
(Fig. 1b-c). Compared to the Normal rats, the lung tissues in the Model
rats showed severe pathological injuries, including increased mean
linear intercept, increased mean small airway wall thickness, and
decreased mean alveolar number (Fig. 1d-h). These changes in the ECC
and APL-treated rats were obviously ameliorated. Additionally, the
increased levels of tumor necrosis factor-o (TNF-a), IL-6, and IL-1p were
reversed by ECC treatment (Fig. 1i-k). These results indicated that ECC
could ameliorate the disease severity of COPD rats by improving pul-
monary function, alleviating pathological injuries, and inhibiting the
activation of pro-inflammatory cytokines.

ECC improved airway remodeling in COPD rats

Airway remodeling, a significant structural change in COPD, is
related to reduced pulmonary function. Thus, we determined whether
ECC could prevent airway remodeling by comparing the extent of
collagen deposition, airway mucus hypersecretion, and the increase in
smooth muscle mass in the various groups of rats.

Notably, goblet cell hyperplasia, collagen accumulation, and smooth
muscle mass were increased in the lung tissues of the COPD rats and
were reduced in those in the rats with COPD treated with ECC or APL
(Fig. 2a—g). In addition, the protein levels of MMP-9 and MMP-12 were
considerably decreased in the ECC and APL-treated rats (Fig. 2h-j).
Moreover, the reduction in the TIMP-1 level was suppressed by ECC and
APL treatment. These results demonstrated that ECC could alleviate
airway remodeling by inhibiting goblet cell metaplasia, collagen depo-
sition, and airway mucus obstruction and by improving the protease-
—antiprotease imbalance.

ECC reduced the number of M2 macrophages in the lung of COPD rats

M2 macrophages are closely associated with lung tissue remodeling
and fibrosis by releasing tissue repair-related factors, including VEGF
and bFGF. We determined the phenotype of the macrophages in Model
rats by examining the levels of CD68 and CD206. ECC and APL could
effectively reduce the number of macrophages and M2 macrophages
compared to those in the Model rats (Fig. 3a-b). Furthermore, the
increased levels of VEGF and bFGF in the serum of the Model rats were
markedly reversed by ECC and APL treatments (Fig. 3c—d). These results
showed that ECC treatment reduced the total number of macrophages
and M2 macrophages in lung tissue and lowered the levels of airway
remodeling-related growth factors.

ECC suppressed IL-4-induced polarization of M2 macrophages

We further explored the mechanism of ECC on M2 macrophage po-
larization. The levels of Arg-1 and CD206 in cells stimulated by IL-4 for
12 h were higher than those in the untreated cells, whereas ECC treat-
ment substantially inhibited the increase of the same proteins
(Fig. 4a—c). The IL-4-induced upregulated expression of IRF4 and KLF4
and the elevated levels of p-STAT3 and p-STAT6 were clearly inhibited
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Fig. 4. Effective-components combination (ECC) inhibited M2 macrophage polarization stimulated by IL-4. (a): the mRNA expression of arginase-1 (Arg-1), IRF4 and

KLF4 in MH-S cells. Values showed as the mean + SEM (n = 3).

(b): the levels of Arg-1, CD206, IRF4, p-STAT6, and STAT6 in MH-S cells using western blot. Values

showed as the mean + SEM (n = 3). (c): protein levels of Arg-1, CD206, p-STAT6, and p-STAT3 using immunofluorescence (400 x). Values showed as the mean +
SEM (n = 9). * p < 0.05, *# p < 0.01, vs. Control group; * p < 0.05, ** p < 0.01, vs. Model group.

by ECC treatment (Fig. 4a-c). The mRNA levels of TGF-f, platelet- treated macrophages at 12 h (Fig. 5a). Similarly, the treatment with
derived growth factor (PDGF-A), and CTGF were evidently overex- ECC inhibited TGF-f and CTGF activation (Fig. 5b—c). Thus, ECC could
pressed by IL-4 stimulation and had a significant reduction in ECC- inhibit M2 macrophage polarization and weaken the release of key
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Model group.
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profibrotic factors.

ECC inhibited M2 macrophage polarization by inhibition of mMTORC2
signaling

mTORC2 activation plays a vital role in promoting M2 macrophage
polarization through Akt activation. On the other hand, Akt over-
expression also leads to an enhanced expression of M2 marker genes. We
determined whether ECC inhibited M2 macrophage polarization via
mTORC2 signaling by analyzing the key mTORC2 marker, p-mTOR?*!,
and a downstream target, p-Akt*’3. We found that ECC clearly sup-
pressed the IL-4-induced phosphorylation of mTOR at Ser 2481 (Fig. 6).
In addition, mTORC2 activation could be measured by the phosphory-
lation status of Akt. The level of p-Akt*’3 was apparently increased in IL-
4-induced cells but significantly weakened by the ECC treatment. These
data revealed that ECC suppressed mTORC2 activation.

Discussion

Airway remodeling is associated with the reduction of lung function,
an important pathological feature of COPD. Bronchodilators and glu-
cocorticosteroids generally are used to improve airway remodeling by
ameliorating bronchoconstriction and airway inflammation. However,
they do not reverse the progress of lung injury and airway remodeling.
This study confirmed that ECC could effectively improve airway
remodeling and reduce the quantity of M2 macrophages in COPD rats.
Furthermore, ECC could suppress M2 macrophage polarization by
inhibiting mTORC2 signals.

In recent years, traditional Chinese medicines, such as BYF, have
demonstrated efficacy in improving the quality of life and clinical
symptoms in patients with stable COPD (SY Li et al., 2012). However,
BYF’s complex composition and variation of components have made it
challenging to explain its underlying mechanisms. The ECC is derived
from five components of BYF, including 20-S-ginsenoside Rh1, astra-
galoside 1V, icariin, nobiletin, and paeonol. We previously used the
method of effective-component compatibility to identify the pivotal
active compounds from BYF, finally identifying the optimum ratio of the
ECC of the five components (Li et al., 2014).

Here, we first investigated the efficacy of ECC on COPD rats. We
found that ECC could improve pulmonary function, alleviate patholog-
ical damages, and reduce the inflammatory response. However, collagen
deposition, increased mucin and smooth muscle mass, hyperplasia of
goblet cells, and abnormal MMPs trigger extracellular matrix deposition,
airway mucus hypersecretion, and lung fibroblasts activation, acceler-
ating small airway obstruction and airway hyperreactivity and further
exacerbating airway remodeling (Lai et al., 2018). Moreover, epithelial
cells release a large amount of growth factors linked to airway remod-
eling in response to extraneous stimuli such as smoke particles. For
example, an antithymic stromal lymphopoietin antibody can restrain
airway remodeling by reducing the levels of MMP-9 and CTGF (Lin et al.,
2019). Thus, we demonstrated that ECC suppressed airway remodeling
by reducing collagen, airway mucus, MMPs, and the related growth
factors, including VEGF and bFGF.

The quantity of macrophages is prominently elevated in the airways
of COPD patients (Arora et al., 2018). Macrophages of distinct pheno-
types can play different roles in the development of COPD. M1 macro-
phages achieve antimicrobial and cytotoxic effects by releasing
pro-inflammatory cytokines. Meanwhile, M2 macrophages, character-
ized by an excessive production of CD206, TGF-p, and Arg-1, have
anti-inflammatory properties relevant in tissue remodeling and repair
(Xue et al., 2015). The proportion of M2/M1 phenotypes is increased in
COPD patients. p-STAT6 and p-STAT3 are master regulators that induce
M2 macrophage activation (Choi et al., 2016). KLF4 and IRF4 are key
transcriptional factors in M2 macrophages, and their levels are distinctly
increased (Liao et al., 2011).

In this study, we discovered that ECC reduced the number of
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macrophages and M2 macrophages in lung tissues of patients with
COPD. Additionally, the expression of Arg-1 and CD206 was lowered by
ECC. Meanwhile, we observed that the expression of IRF4 and KLF4 and
the levels of p-STAT3 and p-STAT6 were restrained by ECC. Hence, ECC
could suppress M2 macrophage polarization by inhibiting M2-related
signaling proteins and transcription factors.

On the other hand, TGF-p released by M2 macrophages can induce
the activation of fibroblasts, leading to the abnormal deposition of
extracellular matrix (Murray et al., 2011). Furthermore, CTGF, a
matricellular protein, is a vital regulator of airway remodeling, and
blocking CTGF can alleviate pulmonary remodeling (Bickelhaupt et al.,
2017). Meanwhile, PDGF-A can mediate airway remodeling by pro-
moting lung fibroblasts proliferation and procollagen I synthesis (Kar-
das et al., 2020). Thus, ECC can control the expression of the genes
encoding airway remodeling-related growth factors TGF-p, CTGF, and
PDGF-A.

Finally, mTOR signals consist of two distinct complexes, namely,
mTORC1 and mTORC2. mTORC2 plays a critical role in controlling M2
macrophage differentiation and the selective degradation of the adaptor
proteins that suppress M2 differentiation (Hallowell et al., 2017). The
phosphorylation of Akt at position 473 is the effector substrate of
mTORC2 and a key mediator of M2 macrophage polarization. The
enhancement of mTORC2 activation fails to promote macrophages to
polarize into M2 macrophages when Akt activation is restrained (Smyth
et al., 2008). Here, ECC was found to suppress mTORC2. Thus, ECC
inhibits mTORG2 activity by reducing the levels of p-mTOR?*! and
downstream protein p-Akt*3.

Conclusions

Our data suggest that ECC can improve COPD symptoms and airway
remodeling by suppressing the mTORC2 signaling, thereby inhibiting
M2 macrophage polarization and decreasing the release of fibrogenic
factors.
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