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Abstract 

Background  Rheumatoid arthritis is an autoimmune inflammatory disease that often leads patients to muscle 
impairment and physical disability. This study aimed to evaluate changes in the activity of proteasome system in skel‑
etal muscles of mice with collagen-induced arthritis (CIA) and treated with etanercept or methotrexate.

Methods  Male DBA1/J mice were divided into four groups (n = 8 each): CIA-Vehicle (treated with saline), CIA-ETN 
(treated with etanercept, 5.5 mg/kg), CIA-MTX (treated with methotrexate, 35 mg/kg) and CO (healthy control group). 
Mice were treated two times a week for 6 weeks. Clinical score and hind paw edema were measured. Muscles were 
weighted after euthanasia and used to quantify proteasome activity, gene (MuRF-1, PMSα4, PSMβ5, PMSβ6, PSMβ7, 
PSMβ8, PSMβ9, and PSMβ10), and protein (PSMβ1, PSMβ5, PSMβ1i, PSMβ5i) expression of proteasome subunits.

Results  Both treatments slowed disease development, but only CIA-ETN maintained muscle weight compared 
to CIA-MTX and CIA-Vehicle groups. Etanercept treatment showed caspase-like activity of 26S proteasome similar 
to CO group, while CIA-Vehicle and CIA-MTX had higher activity compared to CO group (p: 0.0057). MuRF-1 mRNA 
expression was decreased after etanercept administration compared to CIA-Vehicle and CO groups (p: 0.002, p: 0.007, 
respectively). PSMβ8 and PSMβ9 mRNA levels were increased in CIA-Vehicle and CIA-MTX compared to CO group, 
while CIA-ETN presented no difference from CO. PMSβ6 mRNA expression was higher in CIA-Vehicle and CIA-MTX 
groups than in CO group. Protein levels of the PSMβ5 subunit were increased in CO group compared to CIA-Vehicle; 
after both etanercept and methotrexate treatments, PSMβ5 expression was higher than in CIA-Vehicle group and did 
not differ from CO group expression (p: 0.0025, p: 0.001, respectively). The inflammation-induced subunit β1 (LMP2) 
was enhanced after methotrexate treatment compared to CO group (p: 0.043).

Conclusions  The results of CIA-Vehicle show that arthritis increases muscle proteasome activation by enhanced cas‑
pase-like activity of 26S proteasome and increased PSMβ8 and PSMβ9 mRNA levels. Etanercept treatment was able to 
maintain the muscle weight and to modulate proteasome so that its activity and gene expression were compared to 
CO after TNF inhibition. The protein expression of inflammation-induced proteasome subunit was increased in muscle 
of CIA-MTX group but not following etanercept treatment. Thus, anti-TNF treatment may be an interesting approach 
to attenuate the arthritis-related muscle wasting.
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Background
Rheumatoid arthritis (RA) is an inflammatory sys-
temic autoimmune disease with persistent polyarticu-
lar synovitis that can progress to joint destruction [1]. 
Also, systemic complications are associated with RA, 
including significant muscle wasting [2, 3]. The trigger-
ing mechanisms for muscle wasting in RA are not fully 
elucidated, but the causes are likely to be hormone dys-
function (insulin resistance and enhanced myostatin) 
and cytokine-driven hypercatabolism, with particular 
involvement of the pro-inflammatory cytokine tumor 
necrosis factor (TNF) [4, 5]. Muscle wasting is associated 
with severe tissue protein breakdown involving different 
proteolytic pathways, such as the ubiquitin–proteasome 
system, which seems to have an important role in RA 
muscle loss [6–8].

The ubiquitin–proteasome system is a major pathway 
directly or indirectly involved in several catabolic con-
ditions and may be linked to higher pro-inflammatory 
content [9]. The proteasome is a protein complex and its 
different components can be named according to struc-
ture and activity. The core structure of the proteasome 
is referred to as 20S, and the extremities are called 19S. 
The combination of 20S and 19S forms the 26S protea-
some [10]. The 20S proteasome is cylinder-shaped and 
contains four rings with multiple subunits and pro-
tease activity in the inner cavity. The rings are made of 
seven α subunits and seven β subunits [11]. Only the β5 
(Psmb5), β1 (Psmb6), and β2 (Psmb7) subunits have pro-
tease activities [10, 12]. Each subunit represents a distinct 
catalytic activity in the proteasome: chymotrypsin-like, 
peptidyl-glutamyl peptide-hydrolyzing (caspase-like), 
and trypsin-like. When the 20S core attaches to its regu-
latory enzyme (19S), it recognizes and breaks denatured 
ubiquitinated proteins in an ATP-dependent fashion [13]. 
Another regulator complex is the 11S (or PA 28), which 
can be induced by inflammatory mediators such as IFN-
γ, enabling the proteasome to degrade non-ubiquitinated 
proteins [7, 14].

In adjuvant-induced arthritis model (AIA), as well as in 
other models of chronic inflammation, increased expres-
sion of E3 ubiquitin ligases MAFbx/atrogin-1 (mus-
cle atrophy F-box) and MurF-1 (muscle-specific RING 
finger protein 1) were observed in skeletal muscles [15, 
16]. Additionally, a model of immobilization detected a 
higher expression of MuRF-1 in skeletal muscles [17, 18]. 
During inflammatory state and high exposure to inflam-
matory cytokines [19], eukaryotic cells can replace the 
constitutive subunits of the proteasome (β5, β1, and 
β2) for alternative enzymatic subunits (β5i (Psmb8), 
β1i (Psmb9) and β2i (Psmb10) [20, 21]. The complex 
formed with the alternative enzymatic subunits is called 
induced proteasome and has different properties, such as 

generating antigenic material for the major histocompat-
ibility complex class I (MHC-I) [22].

The proteasome is an indispensable system for cell 
survival and plays a pivotal role in inflammatory and 
immune responses. In this context, increased protea-
some-related proteins were identified circulating in 
patients’ serum [23, 24]. Also, the proteasome activity 
was correlated with disease severity and immunologic 
activity [23, 24]. Immunosuppressive drugs like metho-
trexate (MTX) and TNF inhibitors (TNFi) are effective in 
treating RA by improving signs and symptoms of the dis-
ease and preventing joint damage [25, 26]. However, their 
effects on muscle wasting and on the proteasome system 
activity are unknown.

Therefore, this study evaluated the activity of muscle 
proteasome system in collagen-induced arthritis (CIA) 
and the effects of etanercept treatment compared to 
methotrexate treatment. Here, we show that the proteas-
ome system presented alterations in CIA muscle and that 
the treatment by ETN was able to reduce this alteration.

Materials and methods
Animals and experimental groups
Male DBA/1  J mice aged 8 to 12  weeks were used. The 
animals were kept in 12-h light–dark cycles with free 
access to food and water. The mice were divided into 
four groups: CIA mice treated with saline (CIA-Vehicle, 
n = 8), CIA mice treated with etanercept (CIA-ETN, 
n = 8), CIA mice treated with methotrexate (CIA-MTX, 
n = 8), and healthy mice (CO, n = 8). The animals were 
randomized into each group using the website http://​
www.​graph​pad.​com/ (GraphPad Software, La Jolla, CA, 
USA). All in vivo and molecular analyses were performed 
by blinded researchers. This study followed the Guid-
ing Principles for Research Involving Animals (NAS), 
and was approved by the Research Ethics Committee of 
the Hospital de Clínicas de Porto Alegre (protocol no. 
2015-0286).

Induction of CIA
Arthritis induction was performed using bovine type 
II collagen (CII; Chondrex Inc., Redmond, WA, USA; 
2 mg mL1) dissolved in 0.1-M acetic acid at 4 °C for 12 h 
and in Complete Freund’s Adjuvant (CFA; Sigma, St 
Louis, USA; 2 mg mL1) containing inactivated Mycobac-
terium tuberculosis. The emulsion (50µL of CII + CFA) 
was injected intradermally at the base of the tail on day 
0. Moreover, the animals received a reinforcement of CII 
emulsified with incomplete Freund’s adjuvant (without 
M. tuberculosis) in another site of the tail (booster injec-
tion) on day 18 [27]. During the procedures, the mice 
were anesthetized with isoflurane 10% (Abbott Labo-
ratórios do Brasil Ltda., Brazil) and 90% oxygen. Healthy 

http://www.graphpad.com/
http://www.graphpad.com/
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control mice were manipulated and anesthetized during 
this period [28]. Animals were euthanized on day 45 by 
cervical dislocation after an isoflurane overdose. Gas-
trocnemius (GA) and tibialis anterior (TA) muscles were 
dissected and weighed after euthanasia, immediately fro-
zen in liquid nitrogen, and stored at − 80  °C for further 
analyses.

Clinical severity and measurement of edema
Arthritis severity was clinically determined for each paw, 
three times per week, according to a scale of 0 to 4 (0: no 
evidence of erythema and swelling; 1: erythema and mild 
swelling confined to the tarsals or metatarsals; 2: ery-
thema and moderate swelling of tarsal and the metatarsal 
or tarsal and ankle joints; 3: erythema and severe swelling 
from the ankle to metatarsal joints; and 4: erythema and 
severe swelling encompassing the ankle, foot, and digits, 
or ankylosis of the limb) [29]. Clinical score, the sum of 
the four paws, can achieve a maximum score of 16. Hind 
paw edema was evaluated by latero-lateral measure of 
the mice hind paws with digital calipers (Myoto). The 
measurements were obtained at the time of the booster 
(18 days) and three times per week.

Drug treatment
Treatments started one week after booster injection and 
were administered intraperitoneally (IP) twice per week 
for six weeks. Etanercept (50 mg/ml Enbrel, Pfizer, New 
York, NY, EUA) and methotrexate (25  mg/ml Lexato, 
Laboratório Pierre Fabre do Brasil Ltda, Arcal, RJ, Bra-
zil) were purchased. Etanercept (5.5 mg/kg) and metho-
trexate (35 mg/kg) were diluted in sterile saline solution 
(NaCl 0.9%) and maintained cold and in the dark until 
10  min before the injections. The dosage used in this 
study was based on rodent models’ treatment with both 
drugs [30, 31].

Animal body weight and muscle weight and joint 
histological score system
The animals were weighed once per week from day 0 
to the end of experimentation. The difference of animal 
body weight during the experimental period was esti-
mated (Δ weight) considering the weight at induction 
time as baseline (day 0). Muscle weight was normalized 
with total body weight (mg/g) to analyze muscle pro-
portion. The histological score system was applied by 
a blinded pathologist to evaluate individual joints and 
measure arthritis severity as previously described [28].

Determination of proteasome activity
To determine 26S proteasome activity, GA muscle was 
homogenized in 50 mMTris-HCL pH 7.4, 150  mM 
NaCl, 5  mM MgCl2, 1  mM ethylenediaminetetra acetic 

acid (EDTA), 250  mM sucrose, 0.1% Triton X-100 for 
20S proteasome activity, and added 5  mM ATP and 
1  mM dithiothreitol (DTT). Sample protein concentra-
tion was measured using the Pierce BCA Protein Assay 
Kit (Rockford, IL, USA). Fluorogenic peptide hydrolysis 
by 26S and 20S proteasomes were measured with mus-
cle tissue homogenate. First, 30  μg of the sample were 
pre-incubated with 26S assay buffer (50  mM Tris–HCL 
pH 7.4, 40 mM KCl, 5 mM MgCl2, 5 mM ATP, 0.5 mM 
DTT, 0.5 mg/ml BSA) or 20S assay buffer (25 mM HEPES 
pH 7.4, 0.5 mM EDTA, 0.03% SDS) with or without the 
specific inhibitors, 50  nM bortezomib (chymotrypsin-
like activity, LKT-B5871, Enzo Life Sciences, Lausen, 
Switzerland) or 40  μM Z-Pro-Nle-Asp-CHO (caspase-
like activity, BML-ZW9490, Enzo Life Sciences, Lausen, 
Switzerland), for 30  min at 37ºC. Afterward, substrate 
(final concentration 100 μM) was added to the chymot-
rypsin-like activity (Z-GGL-AMC, BML-ZW8505, Enzo 
Life Sciences, Lausen, Switzerland) or caspase-like activ-
ity (Z-LLE-MCA, BML-ZW9345, Enzo Life Sciences, 
Lausen, Switzerland). After 120 min of incubation at 37º 
C, the enzymatic reaction was measured at 355 nm exci-
tation and 460  nm emission [13, 23]. Proteasome activ-
ity was considered as the difference between the activity 
with and without the specific inhibitor and was normal-
ized using the results of CO animals, considered to have 
100% activity.

mRNA and protein extraction
Total RNA from GA and TA muscles was isolated using 
the NucleoSpin ® RNA/Protein kit (Macherey-Nagel, 
Düren, Germany). Muscle homogenates were placed into 
the NucleoSpin ® RNA/Protein column, where RNA and 
DNA were bound to the silica membrane, and protein 
remained in the flow-through. NanoDrop 1000 Spectro-
photometer (Thermo Scientific, Schwerte, Germany) was 
used to control quality and quantity of RNA and flow-
through was used to isolate proteins from muscle tissues. 
Protein isolation proceeded following manufacturer’ 
instructions, with a re-suspension in RIPA (Radioimmu-
noprecipitation assay buffer) composed of 50 mMTris-
HCl pH 7.4, 1% Triton x-100, 150  mM NaCl, 0.5% 
sodium deoxycholate, 2  mM EDTA, 50 mMNaF, 1  mM 
DTT, 2% SDS. Sample protein concentration was meas-
ured using the Pierce BCA Protein Assay Kit (Rockford, 
IL, USA). Isolated proteins were used to perform immu-
noblot analysis.

Real‑time RT‑PCR
Super ScriptTM III First-Strand Synthesis System for 
real-time RT-PCR (Invitrogen, Karlsruhe, Germany) was 
used according to the manufacturer’s instructions to syn-
thesize first-strand cDNA from total RNA. Forward and 
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reverse primers of proteasome subunits Psma4, Psmb6, 
Psmb7, Psmb8, Psmb9, Psmb10, Rsp20, Ppia and HPRT1 
for real-time RT-PCR were designed using the Primer3 
program (Additional file 1: Table S1).

Real-time PCR was performed in triplicates using Ste-
pOne Plus Real-Time PCR (Applied Biosystems, Foster 
City, CA, USA), and mRNA of Rsp20, Ppia, and HPRT1 
housekeeping genes were analyzed. Thus, HPRT1 were 
shown to be stable in the muscle and thus they were used 
to normalize mice muscle tissues. Differences in the rela-
tive expression between target and housekeeping genes 
were determined using the equation R = ECT housekeep-
ing gene/ECT target gene, according to Pfaffl et al. [24].

Western blot
Protein extracts (25  μg per muscle) were separated by 
sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE) 12% and transferred to a poly-
vinylidene fluoride (PVDF) membrane, in which the 
remaining binding sites were blocked with 5% skim milk 
in tris buffer saline (TBS) pH 7.4. Then, membranes 
were incubated overnight with the following antibodies: 
anti-β5 (1:2000, Ab3330, Abcam, Cambridge, England); 
anti-β1 (1:1000, sc-100455, Santa Cruz Biotechnology, 
Dallas, TX, USA); anti-β5i (1:5000, Ab180606, Abcam, 
Cambridge, England); anti-β1i (1:300, sc-373689, Santa 
Cruz Biotechnology, Dallas, TX, USA); and anti-GAPDH 
(1:1000, sc-25778, Santa Cruz Biotechnology, Dallas, TX, 
USA). Detection was accomplished with anti-IgG anti-
bodies coupled with horseradish peroxidase antibodies 
(1:1000; Dako, Denmark) and visualized by enhanced 
electrochemiluminescence Pierce ECL Western Blotting 
Substrate (Thermo Scientific, USA). Quantification on 
Western blot image was performed with the integrated 
density function of ImageJ (Bethesda, MD, USA) [21]. 
Proteasome subunits expression was normalized with 
CO animals, considered as 100% expression.

Statistical analysis
Sample size was based on our group’s previous research 
[28]. The results are expressed as mean values with stand-
ard error of the mean (SEM). The quantitative data were 
compared by one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s test, and two-way ANOVA followed by 
Tukey’s test. The histological score was compared among 
groups using the Kruskal–Wallis test, followed by Dunn’s 
Multiple Comparison Test. p < 0.05 was considered 

significant. Values were analyzed using the statistical 
package GraphPad Prism 6 (GraphPad Software, La Jolla, 
CA, USA).

Results
Treatment with etanercept and methotrexate decreased 
hind paw swelling and clinical score in arthritic mice
CIA animals developed arthritis as expected, and the 
severity increased gradually over time. All arthritic mice 
reached the maximum clinical score seven weeks after 
the booster injection (Additional file 2: Fig. S1A, Fig. 1D). 
We observed a similar pattern in hind paw swelling, as 
CIA-Vehicle presented a gradual increase in hind paw 
diameter (Additional file  2: Fig. S1B). On day 26 after 
booster injection, CIA-Vehicle group reached the high-
est hind paw swelling and afterwards, with the presence 
of ankylosis, the edema gradually decreased (Additional 
file 2: Fig. S1B). The treatment with etanercept or meth-
otrexate hindered the disease development, as lower 
clinical scores could be observed in the treated groups 
compared to CIA-Vehicle (Additional file  2: Fig. S1A, 
B, p: 0.0001 and p: 0.025, respectively). However, CIA-
MTX group had increased clinical scores compared to 
CIA-ETN from days 28 to 36. Hind paw edema was sig-
nificantly different between CIA-Vehicle- and CIA-ETN-
treated mice from days 11 to 22 as well as CIA-MTX, 
from days 7 to 16 (Additional file 2: Fig. S1B, p: 0.008 and 
p: 0.033, respectively). After day 27, hind paw sizes did 
not differ among groups as paw edema decreased and 
cartilage erosion and joint damage ensued.

The joint histologic architecture was highly abnormal 
in CIA-Vehicle mice (Additional file 2: Fig. S1C, Fig. 1D), 
with pronounced inflammatory infiltrate and bone and 
cartilage erosion. In contrast, both CIA-MTX- and CIA-
ETN-treated mice (Additional file  2: Fig. S1C) showed 
lower histological scores compared to CIA-Vehicle 
animals. However, only the CIA-ETN-treated animals 
preserved joint architecture to near normality, with sig-
nificantly diminished cartilage and bone erosion, as well 
as pannus formation (Additional file 2: Fig. S1C).

Etanercept treatment led to greater muscle weight 
compared to methotrexate treatment
The development of arthritis prevented weight gain in 
mice, which occurs in healthy conditions. However, from 
the fifth week, CIA-MTX had a significant decrease in 
weight compared to CIA-ETN group (Fig. 1A; p: 0.022). 

(See figure on next page.)
Fig. 1  Etanercept treatment increases muscle weight of mice compared to CIA-MTX and CIA-Vehicle groups. A Animal body weight and; B Δ body 
weight, consisting of the difference of body weight values between the induction of arthritis and the end of the experiment; C GA and; E TA muscle 
weights (mg); D–F normalized by animal body weight at the end of the experimental period. CIA-Vehicle: CIA with PBS; CIA-ETN: CIA treated with 
etanercept; CIA-MTX: CIA treated with methotrexate. 400 × zoom, scale bar: 200 µm. Data were analyzed by one-way ANOVA followed by Tukey’s 
test and are presented as mean ± SEM; n = 8 animals per group. *p < 0.05; **p < 0.01
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Fig. 1  (See legend on previous page.)
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Considering the normalized body weight at the induc-
tion of arthritis, CIA-ETN mice showed slight weight 
gain during the whole experimental period, whereas 
CIA-Vehicle and CIA-MTX mice lost weight. On weeks 
5 and 7, CIA-ETN mice showed significantly greater 
body weight than CIA-MTX (Fig. 1B). GA and TA mus-
cles showed greater weights in CIA-ETN mice compared 
to both CIA-Vehicle and CIA-MTX groups at the end of 
the experimental period (Fig. 1C–E, p: 0.0129, p: 0.0068, 
respectively). After normalization by body weight, GA 
muscle weight was still higher in CIA-ETN mice than 

other groups (Fig. 1D–F, p: 0.013). (Fig. 1C–E, p: 0.012, p: 
0.0068, respectively).

26S caspase‑like activity was reduced in muscles 
after etanercept treatment
The 26S chymotrypsin-like activity in GA muscle did not 
differ among groups (Fig. 2B). The percentage of 26S cas-
pase-like activity was elevated in CIA-Vehicle and CIA-
MTX groups compared to CO group (Fig. 2B, p: 0.0230, 
p: 0.005). CIA-ETN group presented attenuated 26S 
caspase-like activity, similar to the activity in CO group 

Fig. 2  Etanercept treatment decreases 26S caspase-like activity compared to CIA-Vehicle and CIA-MTX groups. Proteasome activity was evaluated 
in GA muscle homogenates of arthritic and healthy animals, with specific inhibitors and fluorogenic substrates for chymotrypsin-like and 
caspase-like activity (A, B) for 26S and (C, D) 20S proteasomes. Activity is presented in % against values of CO group. CIA-Vehicle: CIA with PBS; 
CIA-ETN: CIA treated with etanercept; CIA-MTX: CIA treated with methotrexate. Data were analyzed by one-way ANOVA followed by Tukey’s test and 
are presented as mean ± SEM; n = 8 animals per group. *p < 0.05; **p < 0.01
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(Fig. 2B), and significantly decreased compared to CIA-
MTX group (Fig.  2B; p: 0.0057). We observed no sig-
nificant differences among groups for chymotrypsin-like 
and caspase-like activities regarding 20S subunit activity 
(Fig. 2C, D).

Proteasome‑related gene expression levels were affected 
by etanercept and methotrexate treatments
The mRNA expression of subunits PSMβ8 and PMSβ9 
increased in muscles of CIA-MTX and CIA-Vehicle 
groups compared to CO group (Fig.  3C; p: 0.021, p: 
0.039) (Fig.  3E; p: 0.001, p: 0.017, respectively, whereas 
CIA-Vehicle and CIA-MTX groups had decreased 
PMSβ6 mRNA levels compared to CO group (Fig.  3D, 
p: 0.007, p: 0.017 respectively). PSMβ5 (Fig. 3B), PMSα4, 
PSMβ7, and PSMβ10 expressions did not show differ-
ences among groups (Additional file 2: Fig. S2). Moreo-
ver, we investigated the ubiquitin-ligase MuRF-1 mRNA 
levels to assess the activation of ubiquitin–proteasome 

system. CIA-ETN presented a decrease in MuRF-1 
mRNA expression compared to CIA-Vehicle and CO 
groups (Fig.  3A; p: 0.002, p: 0.007; respectively). CIA-
MTX group also presented a decrease in MuRF-1 mRNA 
expression compared to CO group (p: 0.036); meanwhile, 
differences between CIA-Vehicle and CIA-MTX almost 
reached significance (Fig. 3; p: 0.06).

Protein expression of proteasome subunits is altered 
in arthritic mice and treatments with etanercept 
and methotrexate restored these changes to a level similar 
to that of healthy mice
The protein expression of proteasome subunits was 
altered in muscle of arthritic mice. The disease induced 
a decrease in PSMβ5 expression, as observed when 
CIA-Vehicle group is compared to CO group (Fig.  4A; 
p: 0.0469). When we analyzed the CIA-ETN and CIA-
MTX groups, both treatments increased PSMβ5 subu-
nit, similarly to CO group (Fig.  4A, p: 0.0025, p: 0.001, 

Fig. 3  Proteasome-related gene expression levels were modulated by etanercept and methotrexate treatments. GA muscles of arthritic and 
healthy animals were used to extract mRNA and perform qRT-PCR for detection of A MuRF-1, B PSMβ5, C PSMβ8, D PSMβ6, E PSMβ9 subunits, and 
HPRT1 housekeeping gene. The mRNA expression is presented in fold change 2ΔCt versus values of CO group. CIA-Vehicle: CIA with PBS; CIA-ETN: 
CIA treated with etanercept; CIA-MTX: CIA treated with methotrexate. Data were analyzed by one-way ANOVA followed by Tukey’s test and are 
presented as mean ± SEM; n = 7 animals per group. *p < 0.05; **p < 0.01
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respectively). Moreover, this study analyzed subunits 
induced by inflammation; the β5 (LMP7) induced subu-
nit did not present alterations among groups (Fig.  4B), 
whereas the induced subunit β1 (LMP2) was enhanced 
in CIA-MTX group compared to CO group (Fig. 4D; p: 
0.043). No changes were detected in PSMβ1 expression 
(Fig. 4C).

Discussion
Little is known about the development mechanisms of 
muscle wasting in RA and the impact of the most used 
anti-rheumatic drugs, such as methotrexate and anti-
TNFs on muscle mass. Our study confirmed that the 
muscle loss associated with the CIA model could be 
modulated differentially by the treatments tested—
methotrexate and etanercept—as determined by muscle 
weight and proteasome activity and subunit expression.

As expected, both treatments alleviated clinical 
aspects in the CIA model, in line with previous reports 
[32, 33]. The CIA-ETN group presented stable body 

weight and slight muscle weight gain over time com-
pared to CIA-MTX and CIA-vehicle groups, whereas 
no differences were found between CIA-MTX and CIA-
vehicle groups. Marcora et  al. compared methotrexate 
versus etanercept therapies in 26 RA patients and did 
not observe significant changes in body composition 
[34]. However, the patients who gained weight (> 3%) in 
their baseline and body mass over the 24-week follow-
up period (6/treatment group) were using etanercept 
as a primordial treatment. Moreover, a greater propor-
tion of fat-free mass was found in etanercept use when 
compared with methotrexate use, whereas no differ-
ence on fat mass was observed [34]. Corroborating with 
this data, Engvall et al. showed an increase in lean body 
mass in early RA patients using infliximab (TNF-inhib-
itor) compared to methotrexate use [34, 35]. This result 
may be explained by the strong effects of TNF on skel-
etal muscle, such as accelerated catabolism, disrupted 
contractile dysfunction and impaired myogenesis [23, 
36].

Fig. 4  Treatments with etanercept and methotrexate reverse changes in proteasome subunits protein expression levels. GA muscle homogenates 
of arthritic and healthy animals were used for protein detection of A PSMβ5, B PSMβ5-induced, C PSMβ1, D PSMβ1-induced, and GAPDH by 
Western blot images. Protein levels are presented in % versus values of CO group. CIA-Vehicle: CIA with PBS; CIA-ETN: CIA treated with etanercept; 
CIA-MTX: CIA treated with methotrexate. Data were analyzed by one-way ANOVA followed by Tukey’s test and are presented as mean ± SEM; n = 8 
animals per group. *p < 0.05; **p < 0.01
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We further studied the activation of cellular systems 
possibly involved in protein breakdown in muscle cells, 
like the proteasome system. Previous data of our group 
indicated rising levels of MurF-1 expression in the CIA 
model (not published). MurF-1 is an E3 ligase pro-
tein highly active in the presence of aberrant proteins. 
MurF-1 increases gene expression via polyubiquitina-
tion and degradation of transcription factors related to 
rises in the proteasome catalytic chamber 20S (20S pro-
teasome) [14]. In this study, we confirmed alterations in 
gene expression related to MurF-1. We found a decrease 
in MurF-1 mRNA expression when arthritic mice 
were subjected to etanercept therapy, which could be 
explained as a decrease in proteosome activity [37–39]. 
However, CIA-vehicle and CO groups presented similar 
levels of MurF-1. High levels of systemic TNF can induce 
atrophic signaling by upregulating the transcription of 
ubiquitin ligases MAFbx (atrogin‐1) and MuRF1 [40, 41]. 
Thus, TNF-induced loss of skeletal muscle contractility 
requires MuRF1 induction, explaining the role of MurF-1 
in loss of muscle mass and function by activating protein 
breakdown systems and potential muscle atrophy mark-
ers [9, 42].

The proteasome system is a multicompartment sys-
tem for degradation of ubiquitinated proteins and may 
be modulated during an inflammatory state [43, 44]. The 
26S proteasome involves multiple enzymatic and non-
enzymatic steps, including the binding of ubiquitinated 
substrates to the 19S, opening the gated channel into the 
20S for proteolysis [37, 43]. We found that in the skeletal 
muscles of arthritic mice 26S proteasome has a high cas-
pase-like activity and a reduction in caspase-like activity 
without changes in chymotrypsin-like activity after treat-
ment with etanercept. Proteasome-specific changes are 
elicited by exposure to proinflammatory cytokines such 
as TNF and IL-6, which may induce β-subunits to per-
form proteolytic activities, such as caspase-like (β1 sub-
units) and chymotrypsin-like (β5 subunits) [3, 44–46]. 
Besides, we observed a higher caspase-like activity in 
26S proteasome, whereas the 20S proteasome remained 
unchanged. As 26S proteasome contemplate both 19S 
and 20S proteasomes, the changes we observed are remi-
niscent of a larger activation of the proteasome system 
since the beginning of the inflammatory process in the 
CIA model.

Proteasome-related gene expression increases when 
the traffic of protein breakdown demands higher pro-
teolysis activity from the proteasome system [43, 47]. 
Our study shows that the CIA model altered the expres-
sion of proteasome subunits (lower PSMβ6 and higher 
PSMβ9, PSMβ8) and was associated with muscle wast-
ing of chronic experimental arthritis model. Thus, CIA-
MTX mice presented improvement of the disease clinical 

characteristics without alterations in muscle wasting, 
whereas CIA-ETN mice presented less muscle loss.

The etanercept treatment seems to modulate the pro-
teasome system at a genetic level by matching the PSMβ8, 
PSMβ6, and PSMβ9 levels to the CO group. However, 
this could be reflected by an increase in PSMβ9 (β1i) and 
a decrease in PSMβ6 (β1) expression in CIA muscles. In 
patients with idiopathic inflammatory myositis, upregu-
lation of PSMβ8 and PSMβ9 was detected in muscle 
biopsies as well as changes related to inflammatory infil-
tration [48]. Since inducible proteasome subunits have a 
different enzymatic activity [49, 50], our findings could 
explain the difference in proteasome caspase-like activ-
ity. These results indicates that muscle wasting in experi-
mental arthritis may be related to β1i subunit expression 
and activity, associated with enhanced disease activity 
and induction of immunoproteasome subunits in CIA 
muscle. When exposed to pro-inflammatory cytokines, 
such as TNF-α and IFN-γ [51], eukaryotic cells express 
different subunits, β1i, β2i, and β5i, which are included 
in the proteasome replacing the constitutive subunits 
during neosynthesis [10, 20]. PSMβ9 (β1i) and PSMβ8 
(β2i) are transcripted into proteins when the constitutive 
subunits have been replaced with a more efficient action 
of the proteasome system [50, 52]. We hypothesized that 
the pro-inflammatory state triggers muscle loss by high 
gene expression of induced subunits of 26S proteasome 
and influences the protein expression levels of the same 
subunits.

The inhibition of TNF in wasting diseases is described 
to decrease muscle wasting and proteasome activity and 
expression [44, 53]. Regarding MTX treatment, the clini-
cal features and disease progression were improved, how-
ever MTX administration does not have a significant role 
in muscle wasting in the CIA model. Thus, TNF-induced 
alterations in the proteasome pathway, and apparently 
TNF inhibitors seem to have a role in preventing muscle 
atrophy due to inflammation. Some of this study’s limita-
tions were the lack of intracellular markers that may be 
involved in the activation of the proteasome system and 
the early state of muscle wasting in the CIA model.

Conclusion
We found enhanced proteasome activity (caspase-like 
activity) and increased PSMβ8 and PSMβ9 mRNA levels 
in CIA mice. Etanercept treatment was able to modulate 
proteasome so that its activity and gene expression were 
compared to CO after TNF inhibition. Anti-TNF treat-
ment may be an interesting approach to attenuate the 
arthritis-related muscle wasting. As additional mecha-
nisms besides TNF could be involved in muscle wasting 
of arthritis, further studies are necessary to explain the 
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role of proteasome and the effects of TNF inhibition on 
muscle wasting in arthritis.
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