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Abstract: Although inflammation and emphysema in patients with chronic obstructive pulmonary disease (COPD) 
can be ameliorated by antibiotics such as erythromycin, the impact of drug resistance is still controversial. We 
aimed to evaluate the role of F528, a new macrolide derivative without antibacterial effect, in cigarette smoke 
(CS)-induced pulmonary inflammation and emphysema in a mouse model, as well as in a macrophage cell line. 
The inflammatory cell number and cell type in the BALF were counted, and the levels of cytokines in the BALF and 
cultured cell medium were measured by ELISA. The degree of emphysema and apoptosis was evaluated by H&E 
and immunohistochemical staining, respectively. The lung function of the mice was evaluated by a small animal 
lung function meter. Furthermore, the expression levels of MMP-2, MMP-9, and phospho-NF-κB in the cells and 
lung tissue were measured by Western blot and qRT-PCR. In the BALF of the CS-induced pulmonary inflammation 
and emphysema model, the numbers of inflammatory cells and cytokines were significantly decreased after F528 
intervention. F528 intervention also significantly protected lung function from CS-induced emphysema, while the 
mean lining interception (MLI) of the F528-treated CS group was significantly lower than that of the vehicle-treated 
CS group. In addition, F528 treatment reduced the phosphorylation of NF-κB induced by smoke, and the expression 
of MMP-2 and MMP-9 was also obviously decreased by F528 treatment. We therefore conclude that F528 reduces 
cigarette smoke-induced inflammation and emphysema in vivo and in vitro through inhibition of the activation of 
NF-κB.
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Introduction

Chronic obstructive pulmonary disease (COPD) 
has now become a global epidemic disease 
that is increasing in incidence worldwide [1]. 
COPD is currently the fourth leading cause of 
death worldwide and is predicted to be the 
third cause by 2030 [2]. Exposure to cigarette 
smoke is the main cause of COPD. A previous 
study showed that the risk of COPD for current 
smokers is 3.51 fold higher than that of never 
smokers [3]. The Global Initiative for Chronic 
Obstructive Lung Disease guidelines defines 
COPD as a disease associated with an abnor-
mal inflammatory response of the lungs 

because of the inhalation of harmful particles 
or gases, causing airway and/or alveolar abnor-
malities, which subsequently further leads to 
the formation of emphysema [4, 5].

Chronic inflammation of the airways and lung 
parenchyma is involved in the formation of 
COPD, and it increases even more during acute 
exacerbations [6, 7]. Neutrophils, macrophages 
and other inflammatory cells, activated by ciga-
rette smoke or other irritants, release reactive 
oxygen species and various inflammatory medi-
ators, such as TNF-α, IL-6 and LTB4, promoting 
the accumulation of inflammatory cells. These 
inflammatory cells also produce proteinases, 
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including matrix metalloproteinase-2 (MMP-2), 
MMP-9, MMP-12 and elastases, which cause 
emphysema through degradation of the extra-
cellular matrix components [8-10]. 

Erythromycin (EM) has been reported to have 
an anti-inflammatory effect independent of its 
antibacterial activity [11]. Erythromycin and 
other macrolide antibiotics were initially listed 
as anti-inflammatory drugs in the pharmaco-
logic therapy of COPD in GOLD 2017. It has 
been reported that erythromycin can reduce 
inflammation in the respiratory tract and 
improve exercise endurance in patients with 
COPD [12-14]. However, the long-term applica-
tion of macrolides as antibiotics always has  
the risk of bacterial resistance and flora disor-
der. Therefore, the development of macrolide 
derivatives that have no antibacterial activity is 
valuable in the treatment of COPD. During the 
past few years, there have been a few studies 
on these macrolide derivatives [15-17], of 
which fewer have included animal experiments 
that have proven their effectiveness, and 
almost no mechanism has been verified.

In this study, we developed a new erythromycin 
derivative, F528, from which the antibacterial 
group was removed, based on the known struc-
ture of erythromycin. Here, we evaluated the 
efficacy of F528 on cigarette smoke-induced 
emphysema in mice, and erythromycin was 
used as a control drug. We found that both 
F528 and erythromycin treatment can amelio-
rate CS-induced inflammation, apoptosis and 
emphysema. Next, the mechanism by which 
F528 ameliorates inflammation and emphyse-
ma was explored. Our results suggested that 
F528 inhibits the NF-κB pathway by inhibiting 
the phosphorylation of NF-κB and reducing the 
number of inflammatory cells in the BALF, which 
in turn reduces the secretion of MMP-2 and 
MMP-9, two proteases that have been reported 
to be involved in the degradation of the alveolar 
extracellular matrix.

Materials and methods

F528

The chemical formula of F528 is proprietary 
and required to be confidential. The antibacte-
rial activities of the compounds were measur- 
ed as previous described [18]. For determining 
the cell viability, a PMA solution at 2 ng/ml was 

added to each well of a 48-well plate. Then, 
100 μM to 1 μM erythromycin diluted in 10- 
fold steps was added to each well of the plate 
following the plate layout. After THP-1 cell sus-
pensions at 2.5×105/mL were added, the cells 
were incubated at 37°C for 96 hr. The cells 
were then incubated with alarmar blue at 37°C 
for 3 more hours. Finally, the plate was read at 
530 nm excitation and 590 nm emission using 
a PerkinElmer Victor3. The results of the anti-
bacterial activity and cell viability tests are 
shown in the Figures S1 and S2.

Materials

F528 and erythromycin were from Beijing 
Kangdini Pharmaceutical Co., Ltd. Baisha ciga-
rettes (tar 11 mg, nicotine 0.9 mg, flue gas car-
bon monoxide 12 mg) were from Hunan 
Zhongyan Industry Co., Ltd. Cigarette smoke 
extract (CSE) was generated by bubbling  
smoke from one cigarette at a constant rate 
through 10 mL DMEM, and it was finally filtered 
through a 0.22 μm filter to remove any bacteria 
and particles. H&E staining reagent was from 
Beijing Yili Fine Chemicals. Small animal lung 
function metre FlexiVent was from Scireq 
(Montreal, Quebec, Canada) SIBATA mouth and 
nose cigarette smoke tower (SG-300, Japan) 
was used.

Cell culture experiments

RAW264.7 cells were cultured as previously 
described [19]. Briefly, RAW264.7 cells were 
seeded in a six-well plate at 2×105 cells/ml,  
one group was only treated with DMEM medi-
um (Vehicle) used as the baseline, other four 
groups were treated with the 5% Cigarette 
Smoke Extract (CSE) to induce inflammatory 
responses. For these four CSE-treated groups, 
they were respectively pretreated with 50 μM 
F528 (F528 50 μM/CSE), 100 μM F528 (F528 
100 μM/CSE), 100 μM erythromycin (EM 100 
μM/CSE) or equal amount of medium (Vehicle/
CSE) prior to 5% CSE stimulation. After 6 hours 
of CSE or Vehicle treatment, the supernatant 
was collected to measure the cytokine concen-
tration and the phosphorylation of NF-κB.

Animals

All animal experiments were performed in 
accordance with the guidelines for the use and 
care of laboratory animals of the Medical 
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Research Center of Beijing Chaoyang Hos- 
pital, Beijing. The mice were kept at a tempera-
ture of 24~26°C and a humidity of 50%~60% 
with a 12 light/12 dark cycle. The mice had 
access to clean water and pelleted mouse diet 
ad libitum. The experimental protocol was 
approved by the Medical Research Center of 
Beijing Chaoyang Hospital, Beijing. The animal 
work took place in the Medical Research Center 
of Beijing Chaoyang Hospital, Beijing. 

Forty male C57BL/6J mice (6-8 weeks, each 
weighting 22~25 g) were purchased from 
Beijing Vital River Laboratory Animal Techno- 
logy Co., Ltd. After 1 week to adapt to the new 
environment, the mice were used in the experi-
ments. They were randomly divided into 4 
groups (10 animals/group): one group was 
treated with normal air for 6 months (non-
smoke group, NS6m group), and three groups 
were treated with cigarette smoke (CS group) 
for 6 months. During the last half period of CS 
treatment, three CS treated groups were  
orally administrated 0.5% sodium carboxy-
methyl cellulose (CS6m group), 100 mg/kg 
F528 (F528 100 mg/kg group), or 100 mg/kg 
erythromycin (EM 100 mg/kg group) daily for 3 
months. F528 and erythromycin were dissolved 
in 0.5% sodium carboxymethyl cellulose.

Animal model for cigarette smoke

All mice except the air control group were  
connected to the SIBATA mouth and nose expo-
sure tower for exposure to cigarette smoke. 
Cigarette smoke parameters: Cigarettes were 
attached to a filter, and suction was applied 
every 8 s, each time sucking 20 ml of smoke, 
setting the concentration of the air-diluted 
smoke to be 10%. The mice were exposed 2 
times a day, for 2 hours each day, 5 days a 
week, for a total of 6 months. The mice in the 
air control group were housed in a clean 
environment.

Dose and specimen treatment

After exposure to cigarette smoke for 3  
months, 100 mg/kg F528 and erythromycin 
were administered daily. The air control group 
and the cigarette smoke group were given an 
equal volume of sodium carboxymethyl cellu-
lose. After 3 months of treatment, their lung 
function and BALF were assessed by tracheal 
intubation. The lung tissue was isolated, and 
the left lung was fixed in 10% formaldehyde to 
prepare paraffin sections for H&E staining.

Bronchial alveolar lavage fluid (BALF) classifi-
cation and counting

After the lung function of the mouse was evalu-
ated, the precooled sterile PBS lavage solution 
was injected into the lung twice, 0.8 ml/time. 
The cells were centrifuged at 1500 rpm for 10 
min. The cell pellets were resuspended in 1 ml 
PBS. Cell counting was performed on a hemo-
cytometer. Conventional H&E staining was per-
formed with cytospin preparations of BAL cells, 
and differential cell counts were performed 
under the microscope.

Measurement of interleukin-6 (IL-6), and tumor 
necrosis factor-α (TNF-α)

BALF, blood and cell supernatants were collect-
ed and centrifuged at 4°C (3000 rpm) for 5 
min. TNF-α and IL-6 concentrations in the  
BALF, serum and cell supernatants were mea-
sured with ELISA kits from R&D according to 
the manufacturer’s instructions. Each sample 
was assayed in triplicate.

Detection of emphysema degree

After the left lung was fixed, H&E staining was 
performed. To evaluate the degree of alveolar 
wall destruction in the mice, we used Image-
Pro Plus 6.0 image analysis software to mea-
sure the mean linear intercept (MLI). MLI as- 
say: Three H&E stained sections were taken 
from each mouse. Five fields of view were ran-
domly taken under low magnification (100×), 
avoiding blood vessels and airways. Cross lines 
were drawn in the center of each field of view, 
and the total number of alveolar spaces (NS)
passing through the cross lines, was counted 
while measuring the total length of the cross 
lines (L), calculated by the formula: MLI = L/NS, 
to represent the average inner diameter of the 
alveoli.

Pulmonary function test

The mice were anaesthetized (1% sodium pen-
tobarbital, 50 mg/kg), and the trachea was 
fully exposed. After tracheal intubation was 
performed, the mice were placed in an animal 
pulmonary function meter FlexiVent (Scireq, 
Montreal, Quebec, Canada). Both ends of the 
tracheal intubation were connected to flow  
rate and pressure sensors, and the relevant 
parameters were detected by using FlexiVent 
software.
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Immunohistochemistry analysis 

Immunohistochemical staining was performed 
according to the manufacturer’s instructions. 
The primary antibodies were rabbit against 
mouse Bcl-2 and Bax (1:50; Boster Co, Ltd., 
Wuhan, China) at 4°C. Three stained sections 
were taken from each mouse. Five images were 
randomly acquired under the magnification 
(200×) in each section. The images were ana-
lyzed by Image-Pro Plus software.

Western blot analysis

The protein for cells or the two lobes of right 
lungs were separated by 10% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), and then transferred to nitro- 
cellulose membranes by electroblotting. After 
blocking, the membrane was incubated over-
night at 4°C with primary antibodies against 
MMP-2 (1:500; ab7033), MMP-9 (1:1000; 
ab38898), NF-κB p65 (1:1000; CST 8242); 
phospho-NF-κB p65 (1:1000, CST 3033) while 
β-actin (1:1000; ab6276) was used as a load-
ing control. The ECL was added to the mem-
brane and film exposure was performed. The 
average values for each group were determined 
by 3 independent experiments.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from the right lung 
using TRIzol reagent (Takara, Tokyo, Japan), 
and cDNA was prepared using the iScript cDNA 
Synthesis Kit (Bio-Rad, USA). The primers are 
listed in Table S1. The procedures were per-
formed in accordance with the manufacturers’ 
instructions. MMP-2, MMP-9 and β‑actin were 
quantified by iTaqTM universal SYBR Green 
Supermix (Bio-Rad, USA) on a CFX Connect 
(Bio-Rad, USA). Each experiment was repeated 
independently three times.

Statistical analysis

All values are expressed as the mean ± stan-
dard error of the mean (SEM). A one-way analy-
sis of variance (ANOVA) followed by Dunnett’s 
test was used to analyze the differences 
between groups. Statistical analysis was per-
formed by using the GraphPad Prism soft- 
ware. P<0.05 was considered statistically 
significant.

Results

F528 does not possess antibacterial activity 
and cytotoxicity

It has been reported that erythromycin can 
reduce inflammation and improve exercise 
endurance in patients with COPD, but long-
term-use of erythromycin significantly increas-
es the risk of bacterial drug resistance and 
flora disorders. Therefore, we decided to devel-
op an erythromycin derivative that does not 
have antibacterial activity without affecting its 
other function. Based on this consideration, we 
developed an erythromycin derivative, F528. 

First, we tested the antibacterial activities of 
F528 in vitro, and erythromycin was used as a 
control. Unlike erythromycin, with dose-depen-
dent inhibition of bacterial growth from 10 μM, 
F528 treatment did not show any significant 
change in OD600, suggesting that F528 did not 
have antibacterial activity at concentrations 
less than 200 μM (Figure S1A and S1B). The 
LD50 of F528 is 112 μM, and its cytotoxicity 
was less than that of erythromycin at 100 μM 
(Figure S2). 

F528 prevented the development of smoke-
induced emphysema

Next, we addressed whether F528 could pre-
vent emphysema as erythromycin did in a 
mouse model. C57/BL6 mice were exposed to 
cigarette smoke (CS) or non-smoke (NS) for 6 
months. During the last three months of CS/ 
NS exposure, CS-exposed mice were orally 
administered either F528 or erythromycin at a 
dose of 100 mg/kg once a day. As shown in 
Figure 1A and 1B, CS exposure obviously 
resulted in a broken alveolar wall and an irregu-
larly enlarged alveolar space. However, the phe-
notype of CS-induced pulmonary emphysema 
could be significantly rescued by oral adminis-
tration of either F528 or erythromycin at a dose 
of 100 mg/kg for 3 months. The enlargement 
of the airspaces was quantified by the MLI and 
the results are presented in Table S2 and 
Figure 1C.

Pulmonary function is an important indicator 
for evaluating emphysema. CS exposure for 6 
months significantly enhanced the total lung 
capacity and lung resistance compared to 
those of NS-exposed mice (Figure 1D and 1E). 
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Oral administration of 100 mg/kg F528 as well 
as 100 mg/kg erythromycin for 3 months sig-
nificantly prevented the increase in total lung 
capacity and lung resistance as compared to 
the CS group, except that the lung resistance of 
the 100 mg/kg erythromycin group showed no 
significant difference. Meanwhile, there was no 
significant difference in alveolar morphometric 
assessment and pulmonary function tests 
between 100 mg/kg F528 and erythromycin.

F528 treatment inhibited smoke-induced lung 
inflammation

We next determined the role of F528 in lung 
inflammation. CS exposure triggered a signifi-
cant increase in the total cell number of inflam-

matory cells, neutrophils and macrophages in 
the BALF. The administration of F528 at 100 
mg/kg resulted in a significant reduction of 
total inflammatory cells, neutrophils and mac-
rophages in the BALF (Figure 2A-C). The pro-
inflammatory cytokines, IL-6 and TNF-α mea-
sured in the BALF and serum were higher after 
6 months of CS exposure compared with the 
non-smoke mice, and the mice treated with 
100 mg/kg of F528 had less IL-6 and TNF-α in 
their BALF and serum (Figure 2D-G). While 100 
mg/kg of erythromycin also decreased the 
total number of inflammatory cells, neutrophils 
and macrophages in the BALF, as well as IL-6 
and TNF-α, the effect of F528 was almost simi-
lar to that of erythromycin at the same dose.

Figure 1. F528 treatment reduced the development of emphysema in mice. A. The different treatment for mice in 
four groups were performed at indicated time points. B. Representative HE photomicrographs of lung sections from 
mice treated with F528 and erythromycin. The circles represent the part of the enlarged and broken alveoli. Scale 
bar: 100 μm. C. Morphometric measurements of mean linear intercept (MLI) (μm). D, E. Total lung capacity and lung 
resistance assessment. n=6 mice in each group. Data are represented as mean ± SEM. NS6m: Non-smoke group; 
CS6m: Cigarette smoke group for 6 months; F528 100 mg/kg: Cigarette smoke 6 months + F528 100 mg/kg group; 
EM 100 mg/kg: Cigarette smoke 6 months + Erythromycin 100 mg/kg. *P<0.05, **P<0.01, ***P<0.001, n.s., not 
significant.
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F528 reduced smoke-induced cytokine pro-
duction in RAW264.7 cells

We next investigated whether F528 regulated 
the production of pro-inflammatory cytokines in 
vitro. RAW264.7 cells were treated with either 
F528 or erythromycin for 1 hour before CSE 
stimulation, and the cytokines were quantified 
in 6-hour conditioned media. As shown in 
Figure 3A and 3B, both F528 and erythromy- 
cin at 100 mg/kg clearly reduced the CSE-
induced production of IL-6 and TNF-α, but F528 
was more effective at same dose.

F528 ameliorated the apoptosis in the lung of 
smoke-induced emphysema

To test the effect of F528 on the pathologic 
apoptosis in the emphysema, the protein 
expression of the apoptosis genes, such as  
Bax and Bcl-2, was evaluated by immumohisto-
chemical staining. As shown in Figure 4A-C, a 
marked elevation of Bax and Bcl-2 expression 

was observed in the CS6m group as compared 
to NS6m control group, and the protein expres-
sion of Bax and Bcl-2 were significantly 
decreased by F528 100 mg/kg and EM 100 
mg/kg treatment as compared with the CS6m 
group.

F528 attenuated the activation of NF‑κB ex-
pression of MMP-2 and MMP-9 in RAW264.7 
cells

The NF‑κB signaling pathway, strongly associ-
ated with inflammation, is closely related to 
cigarette smoke exposure in human and mice. 
We next investigated the effect of F528 on the 
activation of NF-κB signaling. NF-κB was phos-
phorylated upon CSE stimulation in RAW264.7 
cells. F528 markedly inhibited the CSE-induced 
activation of NF-κB (Figure 5A and 5C).

Matrix metalloproteinases (MMPs) have been 
linked to the development and progression of 
smoke-induced emphysema in the destruction 

Figure 2. F528 treatment at-
tenuated smoke-induced lung 
inflammation in mice. A-C. 
Total number, the number of 
neutrophils and macrophages 
in BALF were counted under 
the microscope. D, E. The lev-
els of IL-6 and TNF-α in BALF 
were determined by ELISA. F, 
G. The levels of IL-6 and TNF-α 
in serum were measured by 
ELISA. n=6 mice in each group. 
Data are represented as mean 
± SEM. NS6m: Non-smoke gro- 
up; CS6m: Cigarette smoke 
group for 6 months; F528 
100 mg/kg: Cigarette smoke 
6 months + F528 100 mg/kg 
group; EM 100 mg/kg: Ciga-
rette smoke 6 months + Eryth-
romycin 100 mg/kg. *P<0.05, 
**P<0.01, ***P<0.001, n.s., 
not significant.
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of elastin, the aberrant remodeling of damaged 
alveoli, and the amplification of inflammatory 
responses [20], and they are regulated by the 
NF-κB signaling pathway. As shown in Figure 
5B, 5D and 5E, F528 remarkably inhibited the 
CSE-induced production of MMP-2 and MMP-9. 
This result suggested that F528 possibly ame-
liorated the inflammation and emphysema by 
regulating the secretion of MMPs through the 
NF-κB signaling pathway.

F528 reduced smoke-induced NF-κB activity 
and the expression of smoke-induced MMPs in 
the lung tissue

Based on the findings that F528 reduced the 
activation of NF-κB and the expression of 
MMPs in vitro, we then validated them in mice. 
Compared with the CS group, 100 mg/kg of 
F528 significantly decreased the expression of 
phospho-NF-κB p65 (Figure 6A and 6C). 

Figure 3. F528 treatment decreased the levels of IL-6 and TNF-α in RAW264.7 cells after CSE stimulation. F528 
50 µM, 100 µM and erythromycin 100 µM were respectively given to RAW264.7 cells 1 h prior to 5% CSE stimula-
tion for 6 h. The supernatant was taken and the content of (A) IL-6 and (B) TNF-α was measured by ELISA. Data are 
represented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, n.s., not significant.

Figure 4. F528 attenuated the expression of Bax and Bcl-2 pro-
tein in mice. (A) Representative immunostaining of Bax and Bcl-
2 proteins in the lung of mice in the Non-smoke group (a), CS6m 
group: Cigarette smoke group for 6 months (b); F528 100 mg/
kg: Cigarette smoke 6 months + F528 100 mg/kg group (c); EM 
100 mg/kg: Cigarette smoke 6 months + Erythromycin 100 mg/
kg (d). Original magnifications, (a-d), 200X. Scale bar: 100 μm. 
(B, C) Semi-quantitative analysis of the optical density of Bax and 
Bcl-2. *P<0.05, **P<0.01, ***P<0.001, n.s., not significant.
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Furthermore, the protein (Figure 6B, 6D and 
6E) and mRNA (Figure 6F and 6G) levels of 
MMP-2 and MMP-9 were markedly reduced by 
100 mg/kg of F528 treatment relative to the 
CS group. Thus, this demonstrated that 
CS-induced NF-κB activation and the expres-
sion of MMPs can be significantly inhibited by 
treatment with F528 in mice.

Discussion

Macrolides have been used as one of the key 
anti-inflammatory drugs in the treatment of 
COPD in GOLD 2017 [21]. However, long-term 
use of these macrolides leads to the bacterial 
resistance [22-24]. Therefore, a macrolide 
derivative without antibacterial effect, such as 
F528 may be a long-sought-after drug for the 
future treatment of chronic obstructive pulmo-
nary disease.

Studies of the effects of the amelioration of 
inflammation and emphysema of macrolides 
have been reported during past decades [25-
27]. A few non-antibiotic macrolide derivatives 
have been developed to reduce mucus secre-

tion and oxidative stress in the airway [28, 29], 
but few studies have been reported on the use 
of these drugs to treat chronic respiratory 
diseases. 

In this study, smoke-induced mouse emphyse-
ma was used as a model of COPD. Compared 
with the pathological morphology, lung func-
tion, and inflammatory cytokines, we found that 
F528 can remarkably reduce the inflammation 
and emphysema in vitro and in vivo. Mean- 
while, F528’s amelioration of inflammation was 
better than that of erythromycin at the same 
dose in vitro. It can also reduce the pathologi-
cal apoptosis indicated by the expression of 
Bax and Bcl-2. Therefore, F528 has anti-inflam-
matory and therapeutic effects on cigarette- 
smoke-induced inflammation, apoptosis and 
emphysema, while it has no antibacterial 
effect.

NF-κB, a transcription factor that regulates the 
expression of various inflammatory genes, is 
closely associated with the pathogenesis of 
COPD [30-32]. Inflammation, innate immunity 
and repair processes are closely related to the 

Figure 5. F528 reduced the expression of phospho-NFκB, MMPs in RAW 264.7 cells. (A) The protein expression of 
phospho-NF-κB and total NF-κB in RAW264.7 cells after the CSE stimulation. (B) The protein expression of MMP-2 
and MMP-9 in RAW264.7 cells after the CSE stimulation. (C-E) Quantification of the bands shown in (A and B). Data 
are represented as mean ± SEM. a: Vehicle; b: Vehicle/CS; c: F528 100 μM/CS. *P<0.05, **P<0.01, ***P<0.001, 
n.s., not significant.
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activation of NF-κB. As previously described 
[33, 34], the NF-κB signaling pathway can be 
regulated by macrolides. MMPs, such as 
MMP-2 and MMP-9, are some of the target 
genes of NF-κB, and the imbalance of matrix 
metalloproteases and tissue inhibitors of 
MMPs plays an important role in the pathogen-
esis of COPD. The expression of MMP-2 and 
MMP-9 becomes excessive and they cannot be 
neutralized by their inhibitors, which results in 
the degradation of elastin in the lung parenchy-
ma, leading to the destruction of the lung 
parenchyma in COPD [35]. Therefore, we inves-
tigated the effect of F528 on the NF-κB signal-
ing pathway, as well as the expression of MMPs. 

In this study, we showed that F528 suppressed 
the activation of NF-κB and the expression of 
MMP-2 and MMP-9 in mice. It could directly 
reduce the phosphorylation of NF-κB and the 
expression of MMPs in CSE-stimulated macro-
phages. Hence, we suggest that F528 reduces 
the degree of inflammation and emphysema by 
inhibiting of the activation of the NF-κB signal-
ing pathway in inflammatory cells (Figure 7). 

This study provides new evidence of the effec-
tiveness of a macrolide derivative without anti-
bacterial activity for the treatment of COPD 
patients. Additionally, it will be interesting to 
investigate how F528 modifies the NF-κB sig-

Figure 6. F528 treatment reduced the expression of phospho-NF-κB, MMPs in lung tissue. (A) The protein expres-
sion of phospho-NF-κB in lung tissue after 6 months of cigarette smoke. (B) The protein expression of MMP-2 and 
MMP-9 in lung tissue after 6 months of cigarette smoke. (C-E) Quantification of the bands shown in (A and B). (F, G) 
The mRNA level of MMP-2 and MMP-9 in lung tissue after 6 months of cigarette smoke. Data are represented as 
mean ± SEM. a: NS6m (Non-smoke group); b: CS6m (Cigarette smoke 6 months group); c: F528 100 mg/kg (Ciga-
rette smoke 6 months + F528 100 mg/kg group). *P<0.05, **P<0.01, ***P<0.001, n.s., not significant.
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naling pathway so that a specific target can be 
selected for future drug development. Future 
analysis in clinical trials of this drug for COPD 
patients could reveal the effect of the ameliora-
tion of inflammation and emphysema in these 
patients.

The results of this study do not confirm a direct 
relationship between the alleviation of inflam-
mation and emphysema and the inhibition of 
NF-κB activation by F528. In addition, there 
may be other signaling pathways involved in 
this process.

In conclusion, F528 ameliorates the inflamma-
tion and emphysema in vivo and in vitro by 
inhibiting of the activation of NF-κB, which pro-
vides novel insight into the treatment of chronic 
obstructive pulmonary disease. However, there 
is still much in-depth exploration necessary, 
laying the foundation for the development of 
better anti-inflammatory drugs, and providing 
strong evidence for the clinical application of 

targeted prevention and treatment of chronic 
inflammatory diseases. Thus, F528 might be 
expected to be a novel treatment option for 
patients with COPD.
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Table S1. Sequences of the PCR primers 
used in this study
Primer Sequence (5’ to 3’)
mu-MMP-2-F TGGTGTGGCACCACCGAGGA
mu-MMP-2-R CCTTGCCATCGCTTCGGCCA
mu-MMP9-F CTGGACAGCCAGACACTAAAG
mu-MMP9-R CTCGCGGCAAGTCTTCAGAG
mu-Actin-F GGCTGTATTCCCCTCCATCG
mu-Actin-R CCAGTTGGTAACAATGCCATGT
The table of the sequences of the primers of MMP-2, 
MMP-9 and actin. Gene expression levels in the lung 
were determined by qRT-PCR, and the sequences of the 
primers are listed in the table above.

Figure S1. The antibacterial activity of F528 and erythromycin. A. The antibacterial activity of F528; B. The antibac-
terial activity of erythromycin.

Figure S2. The cell viability of F528 compared with erythromycin. The cell viability of F528 is determined by the 
absorbance ratio to 100 μM erythromycin.
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Table S2. Morphometric assessment of the effects of F528 and erythromycin on the cigarette smoke 
induced emphysema

Groups
Exposure/treatment Results at 6 months

0-3 months 4-6months MLI/μm
NS6m Air/- Air/vehicle 33.75±0.51
CS6m CS/- CS/vehicle 68.83±1.61##

F528 100 mg/kg CS/- CS/F528 56.22±2.11*

Erythromycin 100 mg/kg CS/- CS/Erythromycin 59.62±3.10*

The airspaces of mice in four groups were quantified by the mean linear intercept (MLI). NS6m: Non-smoke group; CS6m: Ciga-
rette smoke group; F528 100 mg/kg: CS + F528 100 mg/kg; Erythromycin 100 mg/kg: CS + Erythromycin 100 mg/kg. Data 
are presented as Mean ± SEM. ##P<0.01 compared with NS6m; *P<0.05 compared with CS6m.


