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Abstract: Aim: The present study aimed to investigate the role of Interleukin 15 (IL-15) in protein degradation in skel-
etal muscle mediated by the ubiquitin-proteasome pathway (UPP) in a rat model of chronic obstructive pulmonary
disease (COPD). Methods: The COPD model was established in 30 Sprague Dawley (SD) rats through the combina-
tion of passive smoking and intratracheal injection of lipopolysaccharide (LPS). The pathological changes in lungs
and bronchi of COPD rats (n=30) were compared with that of control rats (n=15). The levels of IL.-15 and tumor ne-
crosis factor-a (TNF- ) in the serum, diaphragm, gastrocnemius, and the intercostal muscles were measured using
enzyme-linked immunosorbent assay (ELISA), and compared between the COPD and control rats. In addition, the
expression of E2-14K, MAFbx, and ubiquitin (Ub) was evaluated using quantitative real-time PCR and western blot
and compared between the COPD and control rats. Results: The levels of IL-15 and TNF-a in the serum, diaphragm,
gastrocnemius, and the intercostal muscles in COPD rats were significantly higher than that in control rats. The
expression of E2-14K, MAFbx, and ubiquitin (Ub) in the diaphragm, gastrocnemius, and the intercostal muscles in
COPD rats was also significantly higher than that in the control rats. In addition, we identified positive correlation
between the levels of IL-15 and TNF-a. Positive correlation was also identified between the levels of IL-15 and E2-
14K, MAFbx, and Ub. Conclusion: Our results suggest that IL-15 inhibited the protein degradation in skeletal muscle
in COPD rats, which may be mediated by the TNF-a and UPP pathway.
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Introduction of proteins in eukaryotic cells. The ATP-

dependent UPP plays a critical role in protein

Chronic obstructive pulmonary disease (COPD)
is one of the most common respiratory diseas-
es. It has been reported that the incidence of
COPD in China was 8.2% [1]. COPD is character-
ized by persistent airflow obstruction, accom-
panied by increased chronic inflammatory reac-
tion of airways and lungs to noxious particles or
gas. With the disease progresses, respiratory
muscle fatigue and respiratory insufficiency
may occur due to protein degradation in respi-
ratory muscles, and approximately 24%-71% of
COPD patients have various degrees of malnu-
trition [2]. The ubiquitin-proteasome pathway
(UPP), which plays an essential role in the deg-
radation of most short-lived proteins, is the
principal mechanism underlying the catabolism

degradation in skeletal muscle. It has been
shown that UPP is the major mechanism under-
lying the high level of protein degradation in dia-
phragm in COPD [3, 4]. Interleukin 15 (IL-15) is
a cytokine secreted by multiple types of cells. It
has been reported that IL-15 inhibited protein
degradation in skeletal muscle in tumor
patients and aging mice through down-regulat-
ing UPP [5]. In addition, it has been reported
that TNF-a promoted protein degradation in the
skeletal muscle through improving the expres-
sion and activity of ubiquitin and its regulators
[6]. Therefore, IL-15 and TNF-a may interact
with the UPP to regulate the metabolism of pro-
teins in skeletal muscle, and be involved in the
development of COPD. Currently, studies on the
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Figure 1. Comparison of the weight changes between
the COPD and control rats. During the 2™ and 4%
weeks of establishing the COPD model, the weight of
COPD rats was significantly lower than that of control
rats. *, **P<0.05.

relationship among IL-15, TNF-&, and UPP com-
ponents are limited. In the present study, we
established a COPD model in rats through the
combination passive smoking and intratrache-
al injection of lipopolysaccharide (LPS), and
investigated the relationship and role of IL-15,
TNF-&, and UPP components in the develop-
ment of COPD.

Materials and methods
Ethical standards

All animal studies have been approved by The
Institute Research Medical Ethics Committee
of Guangzhou Medical University, and conduct-
ed the National Institutes of Health (NIH) Guide
and Declaration of Helsinki.

Establishment of the COPD model in rats

Forty-five male Sprague Dawley (SD) rats (8
weeks of age, 222.75+6.37 g) of specific patho-
gen free (SPF) grade were purchased from the
Medical Animal Experimental Center of Guang-
dong Province. Animals were randomly divided
into two groups: the COPD group (n=30) and
the control group (n=15). The SD rats were
housed in the animal experimental laboratory
in the Institute of Respiratory Diseases, First
Affiliated Hospital of Guangzhou Medical Col-
lege under condition of 22°C~26°C, 40-70%
humidity, 10-20 times/h of ventilation, and
positive pressure of 20~50 pa.

The COPD model was established according to
our previous study [4]. Briefly, the SD rat were
anesthetized through intraperitoneal injection
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of 10% chloral hydrate (4 ml/kg), and tracheot-
omy was conducted for slow intratracheal
administration of 0.9% saline (0.2 ml) for the
control group or 200 pug LPS (0.2 ml, Sigma,
USA) for the COPD group. Intratracheal injec-
tion of saline or LPS was conducted for a total
of two times on the first and fifteenth days.
Except for the two days when intratracheal
injection of saline or LPS was conducted, the
SD rats received passive smoking two times
(9:00-10:10 am and 15:00-16:10 pm) per day
for a total of four weeks. Five cigarettes (Golden
Xuchang, Henan, China. tar 13 mg, nicotine 13
mg) were used in each time of passive smoking
and lasted for 30 mins. The interval between
each cigarette was 10 minutes.

After the four weeks of passive smoking, the
SD rat were anesthetized through intraperito-
neal injection of 10% chloral hydrate (4 mi/kg),
and tracheotomy and endotracheal intubation
were conducted to test the airway resistance
and lung compliance using the Buxco animal
lung function RC system (Buxco, USA).

After pulmonary function testing mentioned
above, the abdominal cavity of SD rats was sur-
gically opened to collect 3 ml blood from the
exposed inferior vena cava using disposable
lancets. The collected blood was centrifuged in
Eppendorf tubes at 4°C and 3000 rpm/min for
10 mins. The serum was then transferred into
new Eppendorf tubes and stored at -80°C for
follow-up experiment. Then, the diaphragm,
gastrocnemius, and intercostal muscles were
surgically dissected from rats and immediately
stored in liquid nitrogen.

Histopathology

Histopathological examination of the lungs and
bronchi of COPD rats and control animals was
conducted according to our previous study [5].

Evaluation of the levels of I.-15 and TNF-«
in serum and skeletal muscle using enzyme-
linked immunosorbent assay (ELISA)

Skeletal muscle (100 mg) was completely
homogenized in 1 ml PBS and centrifuged at
4°C and 3500 r/min for 10 mins. The levels of
IL-15 and TNF-a in the supernatant of homoge-
nized skeletal muscle and serum were evaluat-
ed using the Rat TNF-a ELISA kit according to
the manufacture’s instruction (Thermo Fisher
Scientific Inc., Rockford, IL, USA).
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Figure 2. Histopathological changes in the lung of COPD rats. In COPD rats (left), the alveolar space was larger and
the alveolar wall was thinner than that in normal lungs (right). In addition, some alveoli fused into bullae in COPD

lungs (black arrow). (HE staining, x100).

Table 1. The results of pulmonary functional
tests (yx *s)

Airway resistance Lung compliance

Group (kpa*mLi*s)  (mL/cmH,0)

Control (n=15)  0.295+0.479 0.527+0.059
COPD (n=45) 0.489+0.072*  0.362+0.061*

*P<0.05 compared to the normal controls. 1 cm
H,0=0.098 kpa.

Evaluation of the mRNA levels of E2-14k,
MAFbx, and Ub in skeletal muscle using quan-
titative real-time PCR

Skeletal muscle (100 mg) was homogenized in
1 ml PBS on ice and total RNA was isolated
from the skeletal muscle using the Trizol
reagent according to the manufacture’s instruc-
tion (Gibco, Grand Island, NY, United States)).
The purity of isolated RNA was measured on a
UV spectrophotometer.

The mRNA in isolated total RNA was reversely
transcribed into cDNA at 37°C for 15 mins in a
10 ul reaction system. Quantitative real-time
PCR was conducted using the SYBR® Premix
Ex Tag™ (TaKaRa Biotechnology Ltd, Dalian,
China) in quantitative real-time PCR thermocy-
cler (Life Technology, Carlsbad, CA, USA). The
primers used in quantitative PCR assay are:
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E2-14k: forward: 5-AGGC TCATGCGGGATT-
TCA-3’, reverse: 5-AACCTACGGTTGGTGGTTTAT
TTG-3’; MAFbx: forward: 5-CAACATGTGGGT
GTATCGAATGGT-3’, reverse: 5-TGATGTTCAGT-
TGTAAGCACACAGG-3’; Ub forward: 5-CCAAT-
GGCGGTTAAT GACCTT-3’, 5-TTTCGATGGGGC-
TTGAGGATT-3’; GAPDH: forward: 5-GGCACAG-
TCAAGGCTGAGA ATG-3’, reverse: 5-ATGG-
TGGTGAAGACGCCA GTA-3".

The PCR primers were synthesized by TaKaRa
Biotechnology Ltd (Dalian, China). The cDNA
template used in quantitative real-time PCR
was diluted for 10° 10! 102 103 and 10*
times and 2 yl cDNA was used to establish the
standard curve of each gene. Quantitative real-
time PCR was conducted in a 20 ul PCR reac-
tion system including 10 pl SYBR Premix Ex
Taq, 2 ul forward and reverse primers (10 uM),
2 pl cDNA temple, and 6.4 pl ddH,O. GAPDH
gene was used as an internal control. The PCR
amplification program was as follows: initial
denaturation at 95°C for 30 s, 40 cycles of
95°C for 5 s, amplification at 60°C for 30 s, and
a melting curve analysis at 95°C for 15 s, 60°C
for 60 s, and 95°C for 15 s. Quantitative real-
time PCR assay for each gene was conducted
in triplicate. The relative mRNA level of each
gene was calculated according to the delta Ct
method.

Int J Clin Exp Med 2015;8(2):1976-1984
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Figure 3. Comparison of the levels of IL-15 and TNF-« in the serum, diaphragm,
gastrocnemius, and intercostal muscles between COPD and control rats. A.
The levels of IL.-15 in the serum, diaphragm, gastrocnemius, and intercostal
muscles in COPD rats were significantly higher than that in the control rats,
respectively (*P<0.05). B. The levels of TNF-a in the serum, diaphragm, gas-
trocnemius, and intercostal muscles in COPD rats were significantly higher than

that in the control rats, respectively (*P<0.05).

Evaluation of the protein levels of E2-14Kk,
MAFbx, and Ub in skeletal muscle using
Western blot analysis

Skeletal muscle (100 mg) was completely
homogenized in 1 ml protein isolation buffer
and centrifugated at 4°C and 1000 rpm/min
for 10 mins. The supernatant containing total
proteins was transferred to a new Eppendorf
tube and the protein was quantified using the
Bradford method. The isolated proteins were
stored at -80°C for Western blot analysis.

Western blot analysis was performed as
described in our previous report [4]. Briefly, pro-
tein samples were mixed with 5 x loading buffer
at a 1: 4 ratio and boiled for 10 mins in water
bath for protein denaturation. Equal amounts
of protein (30 ug in 20 pl) from both the COPD
model and control rats were separated by 10%
SDS-PAGE. The proteins were separated at 80
V for 30 mins and followed by 100 V for 60
mins after the bromophenol blue run into the
separate gel from the laminated gel. Proteins
were then transferred to a PVDF membrane at
250 mA for 60 mins. The membranes were
blocked with 5% non-fat milk for 60-120 mins
and incubated with primary antibodies at 4°C
overnight followed by incubation at room tem-
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USA). Each experiment was
conducted in triplicate and
the mean value of protein
level was normalized accord-
ing to the expression of
GAPDH to evaluate the
expression of  proteins
E2-14k, MAFbx, and Ub.

Statistical analyses

The data were presented as mean * SD.
Statistical analyses were conducted using the
SPSS 17.0 software. Measurement data were
analyzed using the two independent samples
t-test. Pearson linear correlation analysis was
used to analyze the correlation between two
variables. P values less than 0.05 were consid-
ered statistically significant.

Results

The weight of COPD rats was significantly
lower than that of the control rats

During the 2" and 4" weeks of establishing the
COPD model, the weight of rats of the COPD
group (90.430+13.941) was significantly lower
than that of the control rats (117.746+10.325)
(P<0.05) (Figure 1).

Histopathological changes of the lung tissues
in COPD rats

The lungs of COPD rats were significantly larger
than that of control rats. Compared to the lungs
of control rats, the lungs of COPD mice was
pale with poor elasticity, and scattered bleed-
ing under lung capsular was observed.

Int J Clin Exp Med 2015;8(2):1976-1984
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Figure 4. Comparison of the mRNA levels of E2-14K, MAFbx, and Ub in the diaphragm, gastrocnemius, and inter-
costal muscles between the COPD and control rats based on quantitative real-time PCR assay. A. The mRNA levels
of E2-14K, MAFbx, and Ub in the diaphragm in the COPD rats were significantly higher than that in the control rats
(*P<0.05). B. The mRNA levels of E2-14K, MAFbx, and Ub in the gastrocnemius in the COPD rats were significantly
higher than that in the control rats (*P<0.05). C. The mRNA levels of E2-14K, MAFbx, and Ub in the intercostal
muscles in the COPD rats were significantly higher than that in the control rats (*P<0.05).

Under light microscopy, the alveolar space was
larger and the alveolar wall was thinner in COPD
lungs than that in normal lungs. Some alveoli
broke and fused into bullae. In addition, infiltra-
tion of inflammatory cells in mucosa, detach-
ment of epithelial cells, increased goblet cells,
trachea cilia disorders and detachment, and
proliferation of fibrous connective tissue and
smooth muscle were also observed in COPD
bronchi (Figure 2).

The pulmonary function of COPD rats was im-
paired

Compared to the control rats, the COPD rats
exhibited significantly increased airway resis-
tance (P<0.05) and significantly reduced lung
compliance (P<0.05) (Table 1).

The levels of IL-15 and TNF-a and the expres-
sion of E2-14k, MAFbx, and Ub in COPD rats
were significantly higher than that in the con-
trol rats

Based on ELISA, the levels of IL-15 and TNF- in
the serum, diaphragm, gastrocnemius, and
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intercostal muscles of COPD rats were signifi-
cantly higher than that in the control rats
(P<0.05) (Figure 3). Based on quantitative real-
time PCR and Western blot analyses, the levels
of E2-14k, MAFbx, and Ub mRNA (Figure 4) and
proteins (Figure 5) were significantly higher
than that in control rats.

Correlation analyses

Positive correlation was found between the lev-
els of IL-15 and TNF-a in the serum (r=0.75),
diaphragm (r=0.81), gastrocnemius (r=0.82),
and intercostal muscles (r=0.78) of COPD mice
(P<0.05). In addition, the levels of IL-15 posi-
tively correlated with the expression of E2-14K,
MAFbx, and Ubin in the diaphragm (r=0.88, r=
0.86, and r=0.87, respectively), gastrocnemius
(r=0.85, r=0.87, and r=0.76, respectively), and
intercostal muscles (r=0.85, r=0.80, and
r=0.84, respectively) (P<0.05). However, the
weight changes of COPD rats negatively corre-
lated with the levels of IL-15 in the serum
(r=0.90), diaphragm (r=0.85), gastrocnemius
(r=0.82), and intercostal muscles (r=0.82) of
COPD rats (P<0.05).

Int J Clin Exp Med 2015;8(2):1976-1984
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Figure 5. Comparison of the protein levels of E2-14K, MAFbx, and Ub in the
diaphragm, gastrocnemius, and intercostal muscles between the COPD and
control rats based on Western blot analysis. A. The protein levels of E2-14K,
MAFbx, and Ub in the diaphragm in the COPD rats were significantly higher than
that in the control rats (*P<0.05). B. The protein levels of E2-14K, MAFbx, and
Ub in the gastrocnemius in the COPD rats were significantly higher than that in
the control rats (*P<0.05). C. The protein levels of E2-14K, MAFbx, and Ub in
the intercostal muscles in the COPD rats were significantly higher than that in

the control rats (*P<0.05).

Discussion

In the present study, we established a COPD
model in rats and compared the levels of IL-15,
TNF-&, and a number of UPP components such
as E2-14K, MAFbx, and Ub in the serum, dia-
phragm, gastrocnemius, and intercostal mus-
cles between COPD and control rats. The histo-
pathological changes of lungs in COPD rats
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skeletal muscles. Ubiquitin
(Ub), ubiquitin activating
enzyme E1, ubiquitin-conju-
gating enzyme E2, ubiquitin
ligase E3, 26S proteasome,
and de-ubiquitination enzy-
mes are the major compo-
nents of the UPP that is
widely distributed in eukary-
otic cells. Han et al. have
reported that the levels of Ub
MRNA and E2-14k protein in
COPD rats were significantly
higher than that in control
rats [7]. E2-14k is a member
of the ubiquitin carrier pro-
tein E2 family, which plays
an essential role in the bind-
ing between ubiquitin and
substrate proteins. In the
present study, we found that the mRNA levels
of E2-14k and Ub in the diaphragm, gastrocne-
mius, and intercostal muscles in COPD rats
were significantly higher than that in control
rats. In addition, E3 plays an important role in
the process of ubiquitination through the deter-
mination of the time and specificity of the sub-
strate protein ubiquitination. Lecker et al. have
shown that muscle-specific ligase MAFbx and

Int J Clin Exp Med 2015;8(2):1976-1984
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MuRF1 were important proteins involved in the
regulation of muscle atrophy [8]. Ottenheijm et
al. also reported that the mRNA level of MAFbx
was increased in COPD patients [9]. Similar
results have also been reported by Doucet et
al. [10]. and Plant et al [11]. In the present
study, we evaluated the expression of E2-14k,
MAFb, and Ub, which are the major compo-
nents of the UPP, in skeletal muscle in COPD
rats and compared their levels with that in con-
trol rats. We found that the mRNA and protein
levels of E2-14k, MAFb, and Ub in the skeletal
muscles in COPD rats were higher than that in
control rats. The changes in the expression of
E2-14k, MAFb, and Ub were not only found in
respiratory muscles but also in peripheral mus-
cle gastrocnemius. Therefore, activation of the
UPP in COPD is a systematic event, which
affecting both respiratory and peripheral
muscles.

With the progress in studies on the pathogene-
sis of COPD, it has been widely accepted that
COPD is a systematic diseases related to
inflammation rather than an inflammatory dis-
ease limited in the lung [12]. Ottenheijm et al.
reported that the content of myosin in the dia-
phragmatic muscle of mild and moderate COPD
patients (GOLD grade | and Il) decreased 30%
[13]. In addition, nutrition support therapy
alone did not significantly prevent the degrada-
tion of skeletal muscle proteins in COPD
patients with malnutrition [14]. Therefore,
COPD has been considered as a skeletal mus-
cle disease [15]. In the present study, we found
that the weight of COPD rats was significantly
lower than that of the normal control rats. In
addition, the levels of E2-14k, MAFbx, and Ub in
COPD rats in the diaphragm, gastrocnemius,
and intercostal muscleswere significantly high-
er than that in the control rats, which may sug-
gest that the activated UPP pathway lead to the
increased degradation of proteins in respirato-
ry muscles or all skeletal muscles in the body
and the decrease of the weight of COPD rats.

Interleukin-15 (IL-15) is a cytokine first isolated
and cloned from a monkey kidney cell line in
1994 [16]. It has been shown that IL-15 is wide-
ly expressed in mammalian tissues, especially
the skeletal muscle in which the mRNA level of
IL-15 is extremely high [17]. Carbo et al. has
reported that IL-15 treatment inhibited protein
degradation in rats of malignant tumors [18]. In
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addition, overexpression of IL-15 in mouse myo-
blast C2C12 led to skeletal muscle hypertro-
phy. [19]. Carbo et al. also reported that the
role of IL-15 in the prevention of protein degra-
dation is mediated by the ATP-dependent UPP
pathway. Therefore, IL-15 may prevent the deg-
radation of proteins in some diseases such as
cancers. However, the role of IL-15 in the patho-
genesis of COPS is largely unknown. In the
present study, we found that the levels of IL-15
in the serum, diaphragm, gastrocnemius, and
intercostal muscles in COPD rats were signifi-
cantly higher than that in the normal control
rats. In addition, the IL-15 level in skeletal mus-
cles was significantly higher than that in serum
in COPD rats, which is consistent with previous
studies. We also identified positive association
between the IL-15 level and the expression of
E2-14K, MAFbx, and Ub in diaphragm, gastroc-
nemius, and intercostal muscles in COPD rats.
Furthermore, negative association between the
animal weight and the expression of E2-14K,
MAFbx, Ub, and IL-15 in diaphragm, gastrocne-
mius, and intercostal muscles was observed in
COPD rats. Therefore, we speculate that UPP,
the major protein degradation pathway, was
activated in COPD rats to promote the degrada-
tion of proteins in respiratory muscles.
Increased expression IL-15 may be a natural
response of the body to the degradation of pro-
teins in respiratory muscles. It has been report-
ed that exogenous IL-15 reduced the degrada-
tion of skeletal muscle protein in rats by ten
times [20]. While IL-15 is a protective mecha-
nism preventing the degradation of skeletal
muscle proteins, multiple factors such inflam-
matory factors, immunoregulatory factors, TNF-
«, the NF-kB (p65) pathway, and limited expres-
sion of endogenous IL-15 may be involved in
the degradation of skeletal muscle proteins in
COPD and IL-15 may not be sufficient to effec-
tively inhibit the degradation of respiratory
muscles in COPD. Therefore, increased expres-
sion IL-15 was not able to reverse the develop-
ment of COPD and increased expression of
IL-15 was observed with the upregulation of
UPP components and TNF-a in COPD rats.

TNF-a is a polypeptide cytokine secreted by
monocytes-macrophages, T lymphocytes, and
endothelial cells. TNF-a is one of the major
mediator involved in the systemic inflammatory
response syndrome. The previous study has
shown that TNF-a  increased the degradation of

Int J Clin Exp Med 2015;8(2):1976-1984
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muscle proteins in mice [21]. In addition, Hober
et al. have reported that TNF-a treatment
increased the expression of ubiquitin and ubig-
uitin-binding proteins as well as the degrada-
tion of skeletal muscle proteins in vitro and in
vivo [22]. Taken together, TNF-a is involved in
the degradation of muscle proteins in inflam-
mation-related diseases.

In the mouse shock model caused by E. coli
infection, IL-15 inhibited the apoptosis induced
by TNF-a [23]. The activated IL-15 receptor
competitively bound to the specific adapter pro-
teins of type | TNF-a receptor to inhibit the bio-
logical activities of TNF-a. In the present study,
we found positive correlation between the lev-
els of IL-15 and TNF-a in the serum, diaphragm,
gastrocnemius, and intercostal muscles in
COPD rats. In addition, the expression of both
IL-15 and TNF-a in the serum, diaphragm, gas-
trocnemius, and intercostal muscles in COPD
rats was positively associated with the expres-
sion of the components of the UPP pathway,
such as E2-14K, MAFbx, and Ub. In COPD rats,
the expression of TNF-a in respiratory muscles
was increased, resulting in the activation of the
UPP pathway and the degradation of skeletal
muscle proteins. It has been reported that
TNF-a antagonist could not effectively increase
the quality of skeletal muscle [24]. Therefore,
we speculate that IL-15 prevented the degrada-
tion of skeletal muscle proteins in COPD
through TNF-a and the UPP pathway, however,
the UPP may not be the only pathway involved
in the development of COPD.

Degradation of skeletal muscle proteins is one
of the characteristic features of COPD. In sum-
mary, we identified the correlation among IL-15,
TNF-&, and a number of components of the UPP
pathway based on a rat model of COPD. Our
results suggest the interaction among IL-15,
TNF-«, and the UPP pathway contributed to the
pathogenesis of COPD. However, the underlying
mechanisms are still not fully understood and
need to be further investigated. IL-15 may lead
to the development of novel drugs preventing
the degradation of skeletal muscle proteins for
the treatment of COPD.
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