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Abstract: Glucocorticoids (GCs) have been widely applied to treat patients with chronic obstructive pulmonary dis-
ease (COPD). But the effect of GCs was not ideal. This study was to observe whether erythromycin could enhance
the anti-inflammatory activity of budesonide in COPD model rats and to explore the mechanism involved. In this
study, male Sprague-Dawley rats were divided into five groups: healthy control group (H group), COPD model group
(C group), erythromycin group (E group), budesonide group (B group) and erythromycin + budesonide group (E+B
group). The rats in groups of C, E, B and E+B were developed into COPD models. Different groups were given differ-
ent drug interventions. The levels of 8-iso-PGF2q, IL-8, and TNF-a in BALF and serum were measured with ELISA.
The protein expression levels of HDAC2, PI3K, and p-AKT in lung tissue were measured with Western-blot and im-
munohistochemistry. The levels of 8-iso-PGF2q, IL-8, and TNF-a in BALF and serum were lower in E+B group than
those in B group and C group (all P<0.001).The protein expression level of HDAC2 was higher and PI3K and p-AKT
were lower in E+B group than those in B group and C group (all P<0.001). Moreover, the expression levels of HDAC2
were negatively correlated with the levels of 8-iso-PGF2q, IL-8 and TNF-a both in serum and BALF and the expression
levels of PI3K and p-AKT among the five groups, with all P<0.001. We conclude that erythromycin can enhance the
anti-inflammatory activity of budesonide in COPD model rats, possibly through inhibiting the PI3K/AKT pathway and
enhancing the activity of HDAC2.
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Introduction interleukin-8 (IL-8) and the activation of neutro-

phil [6]. It can also reduce the levels of reactive

Chronic obstructive pulmonary disease (COPD)
is an airway inflammatory disease. Glucocor-
ticoids (GCs) are the most important and the
most effective anti-inflammatory agent and
had been widespread applied in patients with
COPD, however, the effect was not ideal.
Studies have suggested many possible mecha-
nisms reducing the anti-inflammatory effect of
glucocorticoid, namely the glucocorticoid resis-
tance, including a decrease in histone deacety-
lase 2 (HDAC2) activity, abnormality (dysfunc-
tion) of the GC receptor, and the lack of a nucle-
ar factor-kB (NF-kB) activation pathway. Among
these mechanisms, the decrease in HDAC2 is
the main cause of glucocorticoid resistance [1]
Erythromycin is a macrolide antibiotic with sig-
nificant anti-inflammatory and antioxidant
activity [2-5]. It can decrease the release of

oxygen species, which are produced by mac-
rophages that have been treated with cigarette
smoke extract (CSE) in vitro. In addition, some
other macrolide antibiotics were proved that
they can inhibit the activation of the PI3K/AKT
signalling pathway under oxidative stress (0OS)
to reduce HDAC2 activity [7] or enhances ster-
oid effects in cells from smoke exposed mice
[8]. However, studies about erythromycin
whether and how to inhibit OS, inhibit the acti-
vation of the PI3K/AKT signaling pathway,
enhance HDAC2 activity or reverse GC resist-
ance were rare. Budesonide is the most com-
monly used hormone in clinical treatments. It
can be administered by inhalation and can
reduce airway mucosal inflammation. We
hypothesis that erythromycin can enhance the
sensitivity of budesonide locally or systemati-
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cally. In this study, COPD model rats were devel-
oped by airway instillation of lipopolysaccha-
ride combined with exposure to passive smok-
ing. Then, erythromycin and budesonide were
administered to COPD model rats to observe
the effect of erythromycin on HDAC2 activity
and the anti-inflammatory activity of budeson-
ide and to explore the role of the PISK/AKT
signaling pathway.

Materials and methods
Ethics statement

The experimental protocol was approved by the
Experimental Animal Care and Ethics commit-
tees of the First Affiliated Hospital of Zhengzhou
University, Zhengzhou, China.

Preparation of COPD model

Fifty-three ten-week-old male Sprague-Dawley
(SD) rats were purchased from the Experimental
Animal Center of Henan province (Zhengzhou,
China), weighing 200 + 20 g (Animal qualified
number: Henan 2010-0002). These animals
were adapted in a temperature- and humidity-
controlled condition and kept on a 12 h light/
dark cycle, with free access to food and water.
The rats were randomly divided (according to
the computer-generated randomisation list)
into the healthy control group (H group, n=11)
and the LPS + smoke group (n=42). On the 1st
and 14th day, after being anaesthetized with
10% chloral hydrate (3 mg/kg, yulong seaweed
company, Qingdao, China) by intraperitoneal
injection, the rats in the H group and LPS +
smoke group were given saline (0.2 ml/rat) and
lipopolysaccharide (LPS, Sigma Company) (0.2
ml/rat, 1 g/L) respectively through tracheal
instillation. During the 2nd-13th days and 15th-
30th days, the rats in the H group and LPS +
smoke group were exposed to clean air and
cigarette smoke in two same custom-built fumi-
gation chamber, which has a volume of 72 L
and a side wall that has a ventilation hole diam-
eter of 1 cm to maintain a stable pressure, to
inhale clean air and for the passive smoke
exposure (1 cigarette/rat) (lasting 0.5 h for
every treatment, 2 times a day, at an interval of
at least 6 h), respectively. The cigarette (pro-
duced by Henan Tobacco Industry Corporation)
tar content was 13 mg, and the nicotine con-
tent was 0.8 mg

Administration

On the 31st day, one rat from H group and two
rats from LPS + smoke group were sacrificed to
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validate the success of the model by measure
the lung function and lung tissue morphology in
light microcopy of the rats. Then, the rest of the
rats in LPS + smoke group were randomly divid-
ed (according to the computer-generated ran-
domisation list) into four groups: COPD model
group (C group), erythromycin group (E group),
budesonide group (B group) and erythromycin
+ budesonide group (E+B group), with 10 rats in
each group. The rats in the four groups were
given the following treatment for 2 weeks: C
group, given gavages of normal saline (1 time/
day, 2 ml/rat); E group, given gavages of eryth-
romycin (1.25% erythromycin liquid, prepared
when used, produced by Shanghai Sangon
Company) (1 time/day, 100 mg/kg); B group,
given aerosol inhalations of a medical budeso-
nide suspension (Pulmicort) (1 time/day, 2 ml/
day); E+B group, given gavages of erythromycin
(the dose and time as above) and aerosol inha-
lations of the budesonide suspension (the dose
and time as above).

On the 45th day, we tested the pulmonary func-
tion of the rats using a small animal spirometer
YL-S-001 (Buxco Electronics, Inc. USA), and col-
lected specimens of bronchoalveolar lavage
fluid (BALF) from the left lung and blood from
the abdominal aorta after being anesthetized.
Lung tissues were sampled along the maximum
diameter of the right lower lobe.

The level of 8-iso-PGF2a, IL-8, TNF-a« measure-
ment by ELISA

The levels of 8-isoPGF2q, IL-8, and TNF-o were
quantified using sandwich ELISA (R&D Systems
Europe, Abingdon, UK) according to the manu-
facturer’s instructions.

Morphology

Lung tissues were cut into 3 mm-thick slices
and fixed in a 4% paraformaldehyde solution for
72 h. The samples were embedded in paraffin,
and 4 um thick sections were cut and stained
with hematoxylin and eosin (HE). Then Olympus
PM-10 AD optical microscope and photograph-
ic system (Olympus, Tokyo, Japan) were used to
observe the morphology.

Immunohistochemistry analysis for the protein
expression of HDAC2, PI3K, p-AKT

Immunostaining in formalin fixed, paraffin
embedded 4 um thick sections was performed
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Table 1. Lung function changes in rats (X *s)

Group n TV (ml) PEF (ml/s) EF,, (ml/s)
Healthy control group 10 1.87+0.76 24.96+11.38 1.73+1.02
COPD model group 10 1.25+0.73" 18.49+3.24" 1.38+0.21"
Budesonide group 10 1.52+0.88" 19.62+10.257 1.47+0.971
Erythromycin group 10 1.68+0.541 23.30+10.34" 1.61+0.541
Erythromycin + budesonide group 10 1.72+0.971 24.87+10.58" 1.68+0.407

“Compared with the healthy control group, P<0.05; fCompared with the COPD model group, P<0.05.

Y .._/h g -
sue of healthy control Lung tissue of COPD model Lung tissue of budesonide
groupx100 groupx100

Luﬁg tis

Figure 1. Light microscopy
of lung tissue morphology.

Y 4 ‘?_ .
Lung tissue of erythromycin
group x100 budesonide groupx100
according to the SP kit instructions. Rabbit anti- nylidene difluoride (PVDF) membranes (PALL,
HDAC2, PI3K or p-AKT antibody (BioVision Inc. USA), then incubated with polyclonal rabbit
USA; 1:500 dilution) were used as primary anti- anti-HDAC2, PI3K, p-AKT antubody or B-actin
body. Results were quantified by measuring the (BioVision Inc. USA) according to the instruc-
integrated optical density (IOD) of the positive tions. Horseradish peroxidase (HRP)-conju-
staining area. gated goat anti-rabbit secondary antibodies

(BioVision Inc. USA) were also added.
Western blot analysis for the protein expres-

sion of HDAC2, PI3K, p-AKT Data analysis

Lung tissues were homogenised and total pro- All statistical analyses were performed with
tein was extracted. Fifty micrograms of isolated SPSS software version 17.0 (SPSS, Inc.,
soluble protein was separated by polyacryla- Chicago, IL, USA). The differences were com-
mide gel electrophoresis, transferred to polyvi- pared with one way analysis of variance (one
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Table 2. The levels of 8-iso-PGF2a in BALF and serum (X +s)

Group n BALF (ng/ml) Serum (ng/ml)
Healthy control group 10 19.10+0.91 31.65+0.45
COPD model group 10 37.14+0.217 40.74+6.86"
Budesonide group 10 23.50+1.01f 38.14+3.37*
Erythromycin group 10 19.62+0.767 28.96+0.557
Erythromycin + budesonide group 10 19.38+0.7415* 29.73+0.6918*

“Compared with healthy control group, P<0.05; fCompared with COPD model group, P<0.05; $Compared with budesonide
group, P<0.05; *Compared with COPD model group, P=0.435; **Compared with erythromycin group, P=0.621 and 0.797.

Table 3. The levels of IL.-8 and TNF-a in BALF and serum (ng/L) (X %s)

BALF (ng/L) Serum (ng/L)
Group n
IL-8 TNF-o0 IL-8 TNF-o0

Healthy control group 10 63.79+3.42 110.39+9.38 99.16+2.23 240.70+6.68
COPD model group 10 127.70+£9.32" 280.81+4.48" 153.82+2.21" 436.76+3.33"
Budesonide group 10 80.31+3.71F 170.78+12.51" 134.97+2.67% 398.68+7.71*
Erythromycin group 10 64.97+3.05" 117.59+10.711 110.60+4.33" 275.00+8.28"
Erythromycin + budesonide group 10 65.47+£2.2978"  116.86+6.64"5"" 102.1142.35%8""  252.15+7.9518""

“Compared with healthy control group, P<0.05; *Compared with COPD model group, P<0.05; SCompared with budesonide group, P<0.05;
*Compared with COPD model group, P=0.693 and 0.505; “*Compared with erythromycin group, P=0.787, 0.902; ““*Compared with erythromycin

group, P<0.05.

way-ANOVA) among all the groups. LSD-t test
was used for further analysis between two
groups. The inspection standard was o =0.05.
The correlation coefficients were calculated
with the Spearman’s rank method.

Results
Lung function changes in rats

The values of tidal volume (TV), peak expiratory
flow (PEF), 50% of tidal volume and peak expir-
atory flow rate (EF50) of five groups were
showed in Table 1.

Light microscopy of lung tissue morphology

Compared with the H group, the tracheal and
bronchial epithelial cells were changed in the C
group, along with evidence of bronchial smooth
muscle thickening, inflammatory cell infiltra-
tion, collagen deposition, alveolar wall thinning,
or, in some cases, rupture fused to the bulla.
There was less changes to the lung tissue in
the drug intervention groups than to those in
the C group. The changes in the airways of the
E+B group rats were the least significant
(Figure 1).
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Levels of 8-iso-PGF2«, IL-8 and TNF-oc in BALF
and serum

In the C group, the levels of 8-iso-PGF2q, IL-8,
and TNF-a were higher than those of H group, E
group, and E+B group in BALF and serum. The
levels in C group were higher than those of B
group in BALF (all P<0.001), but the difference
was not statistically significant in the serum of
B group (P=0.435, 0.693, 0.505, respectively).
In B group, the BALF and serum levels were
higher than those in and E+B group (all
P<0.001). The levels of 8-iso-PGF2a in BALF
and serum and IL-8 and TNF-a in BALF was
lower in E+B group than those in E group, but
the difference was no statistically significant
(P=0.621, 0.797 and P=0.787, 0.902) (Tables
2 and 3).

Expression levels of HDAC2, PI3K, and p-AKT
in lung tissue by immunohistochemistry and
Western blot

The results of immunohistochemistry showed
HDAC2 was widely expressed in bronchial
mucosal epithelial cells, vascular endothelial
cells, alveolar epithelial cells, and alveolar mac-
rophage nuclei. PI3K and P-AKT were mostly
expressed in bronchial epithelial cells, airway

Int J Clin Exp Med 2015;8(12):22217-22226
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Figure 2. The results of HDAC2, PI3K, p-AKT expression in lung tissue by
immunohistochemistry.

smooth muscle cells, and
inflammatory cells (Figures 2
and 3).

Immunohistochemistry and
Western blot showed that the
expression levels of HDAC2
were lower and the PI3K and
p-AKT were higher in the C
group than in the H group, E
group and E+B group (all
P<0.001), but the differences
in the values between C and
B groups were not statistically
significant (P=0.145, 0.203,
0.178 and P=0.423, 0.706,
0.693, with immunohisto-
chemistry and Western blot
respectively). In the B group,
the expression level of HDAC2
was lower, and PI3K and
p-AKT were higher than in the
E+B group (all P<0.001)
(Table 4).

Correlation analysis between
the expression levels of HD-
AC2 in the lung tissue and
8-iso-PGF2¢a, IL-8, TNF-at in
the serum (B) and BALF (F),
and the expression levels of
PI3K, P-AKT in the lung ti-
ssue

HDAC2 protein expression
levels in lung tissue were neg-
atively correlated with the lev-
els of 8-is0-PGF2q, IL-8 and
TNF-a in serum or BALF
among the five groups, Also,
the expression levels of
HDAC2, PI3K and p-AKT were
negatively correlated (Figure
4). The Spearman correlation
coefficient were showed in
Table 5 (all P<0.001).

Discussion

The incidence and mortality
rate of COPD has been
increasing in recent years. It
is the fourth leading cause of
death globally [9] and more
than 10% of adults over the
age of 40 have airflow limita-
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Figure 3. PI3K, p-AKT, HDAC2 protein expression by Western blot.

Table 4. The protein of HDAC2, PI3K, p-AKT expression in lung tissue by Western-blot and the integral
optical density (I0D) by immunohistochemistry (X £s)

Immunohistochemistry Western-blot

Group

HDAC2 PI3K p-AKT HDAC2 PI3K p-AKT
Healthy control group 10 90.05+2.38 21.22+2.19 23.76+1.26 0.636+0.032 0.193+0.013 0.225+0.085
COPD model group 10 18.06+1.27° 99.15+6.85" 104.43+5.69" 0.115+0.014°  0.745+0.029"  0.786+0.067"
Budesonide group 10 32.49+5.49%  76.43+3.32% 87.64+4.23*% 0.201+0.098" 0.632+0.035" 0.699+0.049™
Erythromycin group 10 53.33+3.24"S  57.72+4.51"S  64.38+3.79"S  0.479+0.046"¢ 0.458+0.038"S 0.583+0.025"%

Erythromycin + budesonide group 10 67.02+2.28"§ 44.83+2.67"S 57.21+5.65™  0.501+0.037%$ 0.332+0.043"S 0.417+0.087"%
“Compared with healthy control group, P<0.05; TfCompared with COPD model group, P<0.05; SCompared with budesonide group, P<0.05; *Compared with COPD model

group, P=0.145, 0.203, 0.178; “"Compared with COPD model group, P=0.423, 0.706, 0.693.

tions [10-12]. Moreover, this disease is chroni-
cally progressive, and there is no effective drug
that can slow the progression of and reduce the
mortality from the disease [13]. So, better
understanding the cellular and molecular
mechanisms of COPD, looking for new thera-
peutic targets and developing effective treat-
ment strategies Is an urgent matter.Studles
found that repeated injection of LPS can cause
chronic airway inflammation, emphysema, pul-
monary function changes [14]. Exposed to
smoke for 36 weeks could established COPD
model rats [15]. In this study, COPD model rats
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were developed by airway instillation of lipopol-
ysaccharide combined with exposure to smoke.

Our study showed that TV, PEF, and EF50 in the
C group were significantly lower than in the H
group (P<0.05). This change is consistent with
the lung function of COPD rat models estab-
lished by Li Ya [16]. The pathological changes in
lung tissue in the C group were similar to those
in human patients with COPD. Inflammation
and OS are important pathogenesis factors in
COPD. 8-iso-PGF2a has been a good indicator
of OS levels [17, 18] because of its stability and
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Figure 4. Correlation analysis between HDAC2 in the lung tissue and 8-iso-PGF2q, IL-8, TNF-a in the serum and
BALF, and the expression levels of PI3K, P-AKT in the lung tissue.

Table 5. Correlation analysis between HDAC2 in the lung tissue and 8-iso-PGF2q, IL-8, TNF-a in the
serum and BALF, and the expression levels of PI3K, P-AKT in the lung tissue

SERUM (1) BALF (r) LUNG TISSUE (r)
LUNG TISSUE (r) . - - . : - " . . "
8is0-PGF2a"  IL-8° TNF-a*  8iso-PGF2a” I8  TNF- PI3K p-AKT
HDAC2 -0.894 -0.974 -0.983 -0.834 -0.886 -0.841  -0.978 -0.789
“All P<0.001.

its generation being unaffected by enzyme
activity. Our study found that 8-iso-PGF2q, IL-8
and TNF-a in serum and BALF of the C group
were significantly higher than in the H group,
which demonstrated that there was increased
0OS and inflammation systemically and locally in
the lung tissue of the COPD model rats. This is
consistent with reports by Santus [19]. All these
demonstrated that the COPD model rats were
successfully established.

Anti-inflammatory treatment is an important
part of the treatment of COPD. Thus far, GCs
are the most important anti-inflammatory
agents. This study showed that, compared with
the C group, the level of 8-iso-PGF2q, IL-8 and
TNF-a in BALF were significantly reduced in the
B group, but this reduction was not statistically
significant in serum. These results suggest that
the effect of the anti-inflammatory and anti-
oxidant activity of GC inhalation has some limi-
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tations that may be associated with GC resist-
ance. Not only does erythromycin have antibac-
terial activity, but it also has anti-inflammatory
and immunomodulatory activity [2-5]. Com-
pared with the C group, the indicators listed
above in both BALF and serum were significant-
ly reduced in the E group, which proved once
again that erythromycin had anti-inflammatory
and antioxidant activity and could alleviate
inflammation and OS in the COPD model rats.
Comparing the E+B group with the B group, we
found that the above indicators in BALF and
serum were significantly reduced, which sup-
ports our hypothesis that erythromycin could
enhance the anti-inflammatory activity of
budesonide.

Histone deacetylase (HDACs) plays an impor-
tant role in the regulation of cell growth [20]
and inflammatory gene expression [21-23].
HDAC2 is an HDAC subtype and is the main

Int J Clin Exp Med 2015;8(12):22217-22226
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subtype involved in the pathogenesis of COPD
[24]. GCs can recruit HDAC2 to the region of
inflammatory gene transcription, making DNA
highly helical, and thereby inhibiting inflamma-
tory gene transcription which produces the
anti-inflammatory effect. Studies show that the
activity of HDAC2 decreases in COPD patients
[25-27]. This may explain the poor response to
GC in COPD. This study showed that, compared
with the H group, the expression level of HDAC2
protein in the C group was significantly lower.
However, the B group showed no significant
increase compared with the C group, suggest-
ing that budesonide had a poor effect on
increasing HDAC2 activity. Comparing the E+B
group with the B group, we found that the
HDAC2 activity was significantly elevated, and
the levels of IL-8 and TNF-a in BALF and serum
were significantly decreased. Moreover, the
expression of HDAC2 was negatively correlated
with IL-8 and TNF-a. This is consistent with a
previous report [28] that erythromycin inhibits
the expression of inflammatory cytokines such
as IL-8 by enhancing the activity of HDAC2.
Therefore, erythromycin could improve the anti-
inflammatory effect of GCs by enhancing
HDAC2 activity.

OS is thought to be the main reason for the
decrease in HDAC2 activity. OS can activate the
PIBK/AKT signaling pathway resulting in the
phosphorylation and inactivation of HDAC2
[29, 30]. Rats whose PI3Kd genes were
knocked out do not show a decrease in HDAC2
activity or GC resistance after exposure to ciga-
rette smoke [31]. Mercado [32] also found that
the expression levels of PI3K and p-AKT
increased and HDAC2 correspondingly de-
creased when U937 human monocyte cells
pre-treated by nortriptyline were exposed to
smoke extract and hydrogen peroxide. Also the
activation of PI3K-0 in the lung tissues and
cells of COPD patients can lead to the increase
in p-AKT levels [33]. In the current study, the
expression levels of PI3K and P-AKT were nega-
tively correlated with the level of HDAC2. This
suggests that the PI3K/AKT signalling pathway
was involved in the regulation of HDAC2 activity
during OS in COPD. This is consistent with the
studies conducted by Steffen [29] and Barnes
[30]. Compared with the C group, the levels of
8-is0-PGF2a, PI3K, and p-AKT protein expres-
sion in lung tissue were significantly decreased
in the E+B group and the HDAC2 protein expres-
sion was significantly increased. Those indica-
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tors in the B group showed no significant differ-
ences to those in the C group. This suggests
that erythromycin can enhance the expression
level of HDAC2, most likely by inhibiting OS and,
therefore, inhibiting the PISK/AKT signalling
pathway, and that budesonide has no such
effect.
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