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Abstract

We tested whether NF-jB pathway is indispensable for the increase in expres-

sion of E3-ligases and unloading-induced muscle atrophy using IKKb inhibi-

tor IMD-0354. Three groups of rats were used: nontreated control (C), 3 days

of unloading/hindlimb suspension with (HS+IMD) or without (HS) IMD-

0354. Levels of IjBa were higher in HS+IMD (1.16-fold) and lower in HS

(0.82-fold) when compared with C group. IMD-0354 treatment during

unloading: had no effect on loss of muscle mass; increased mRNA levels of

MuRF1 and MAFbx; increased levels of pFoxO3; and had no effect on levels

of Bcl-3, p105, and p50 proteins. Our study for the first time showed that

inhibiting IKKb in vivo during 3-day unloading failed to diminish expression

of ubiquitin ligases and prevent muscle atrophy.

Introduction

Activation of nuclear factor-jB (NF-jB) pathway is

important for skeletal muscle atrophy in response to

diverse physiological and pathological stimuli including

muscle unloading (Jackman et al. 2013; Bodine and Baehr

2014). Skeletal muscle-specific E3 ubiquitin ligases

MuRF1 and MAFbx are upregulated during unloading-

induced muscle atrophy. Both NF-jB and transcription

factor FoxO3 can activate MuRF1 and MAFbx expression

in response to unloading and immobilization. Moreover,

NF-jB and FoxO3 have an additive effect on atrophy

(Reed et al. 2011), suggesting that they both are impor-

tant for activation of ubiquitin ligases (Bodine and Baehr

2014). Dephosphorylation of FoxO3 promotes its translo-

cation into the nuclei and activation of MuRF1 expres-

sion (Lokireddy et al. 2012). Nevertheless, a recent study

by Wu et al. (2014) reports that NF-jB sites, but not

FoxO sites, are required for MuRF1 promoter activation

in rat soleus muscles after 5 days of hindlimb unloading.

The review by Jackman et al. (2013) suggests that various

factors of the NF-jB signaling pathway are activated
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during muscle atrophy caused by numerous diseases and

by unloading-induced muscle atrophy.

Expression of dominant-negative IkB kinase alpha

(IKKa) or IjB kinase beta (IKKb) inhibits NF-jB during

unloading and decreases skeletal muscle fiber atrophy by

50% (van Gammeren et al. 2009). Expression of both

IKKa and IKKb has an additive effect and decreases

skeletal muscle fiber atrophy by 70% (van Gammeren

et al. 2009). In mice with muscle-specific IKKb defi-

ciency denervation-induced skeletal muscle atrophy was

decreased (Mourkioti et al. 2006). Unloading-induced

activation of the MuRF1 expression requires putative

NF-jB sites in the MuRF1 promoter region (Wu et al.

2014). To the contrary, removal of all three of the FoxO

putative sites in the MuRF1 promoter region had no

effect on the expression (Wu et al. 2014). These data

indicate that IKKb and IKKa are required for the activa-

tion of MuRF1 and unloading-induced skeletal muscle

atrophy.

In the previous experiments the role of NF-jB path-

way during unloading-induced muscle atrophy was tested

using knockout mice or by analyzing muscles after trans-

fection with plasmids (Mourkioti et al. 2006; van Gam-

meren et al. 2009; Jackman et al. 2013). It is known that

knockout mice can develop adaptations compensating for

the lack of particular gene and often are not presented

with pathological changes that are found in humans

when the same gene is missing or mutated (Xu et al.

2015).

In difference from previous investigations, in this

study we tested whether a pharmacological inhibition of

IKKb in vivo can prevent unloading-induced skeletal

muscle atrophy and whether this involves decreased acti-

vation of MuRF1 and MAFbx transcription factors. We

used IMD-0354, a selective inhibitor of IKKb that sup-

presses NF-jB pathway-dependent transcriptional activity

(McFarlane et al. 2006). Mechanistically, IMD-0354

blocks phosphorylation of IKKb, diminishes degradation

of nuclear factor of kappa light polypeptide gene enhan-

cer in B-cells inhibitor alpha (IjBa), and prevents

translocation of NF-jB transcription factors into the

nuclei and activation of MuRF1expression (Rothwarf and

Karin 1999; Kaisari et al. 2013). We selected 3 days of

unloading for our experimental conditions because the

highest activation of MuRF1expression in skeletal muscle

was observed at this time (Smith et al. 2014) and IjBa
level was decreased (Judge et al. 2007). In this study, we

for the first time tested the ability of IMD-0354 to block

IjBa phosphorylation/degradation in vivo during muscle

unloading. This approach allows better elucidation of the

mechanisms regulating NF-jB signaling pathway as an

important clinical target for the future treatment of

skeletal muscle atrophy. We hypothesized that as NF-jB

signaling plays a key role in the upregulation of E3 ubiq-

uitin ligases during unloading therefore blocking IKKb
will diminish muscle atrophy. Paradoxically our study

showed that inhibition of IKKb in vivo using IMD-0354

failed to diminish expression of MuRF1 and MAFbx

ubiquitin ligases and unloading-induced atrophy of

soleus muscle.

Materials and Methods

Animal procedures

The experiments were performed in accordance with

internationally accepted regulations and rules of biomedi-

cal ethics and were approved by the Committee on

Bioethics of the Russian Academy of Sciences (protocol

314, 03.06.2013). All animals were kept at 22°C in a

light-controlled environment (12:12 h light-dark cycle)

with water and food available ad libitum. Twenty-one

male Wistar rats (3 months old, 200–239 g body weight

range) were randomly assigned to one of the three groups

with seven animals/group: nontreated control (C), 3 days

of hindlimb suspension/unloading with (HS+IMD) or

without (HS) supplementation with IKKb inhibitor IMD-

0354 (Sigma, St Louis, MO, USA). IMD-0354 is a selec-

tive IKKb inhibitor that blocks IjBa phosphorylation

(IC50 ~ 250 nmol/L). IMD-0354 was dissolved in 1%

DMSO/saline and administered intramuscular into soleus

muscle in concentration of 10 mg/kg of body weight per

day using Hamilton syringe with a very fine needle. The

IMD-0354 dose used in our experiments is comparable to

previously published data (Hosokawa et al. 2013). The

control animals received equal volumes of 1% DMSO/sal-

ine vehicle solution using Hamilton syringe with a very

fine needle. The first IMD-0354 (HS+IMD group) or

DMSO (C and HS groups) injection was performed 4 h

prior to the hindlimb suspension. Subsequently, all rats

were injected twice per day (morning and evening) dur-

ing the entire duration of the experiments. Similar injec-

tion protocol was used in our previous publication

(Shenkman et al. 2015). Visual inspection of the dissected

soleus muscle showed no obvious signs of damage from

the injection. Soleus muscles from the control rats that

were subjected to the analogous injection protocol as the

experimental animals showed no activation of E3 ubiqui-

tin ligases or NF-kB signaling. This suggests that minimal

muscle damage that might have occurred due to the

injection procedure had no influence on the results of this

study. At the end of the experiment, rats were euthanized

by overdose of sodium pentobarbital and soleus muscle

was immediately dissected, weighed, divided into aliquots,

frozen in isopentane cooled by liquid nitrogen, and stored

at �85°C for the subsequent analyses.
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Hindlimb suspension protocol

The tail-traction method of noninvasive tail-casting pro-

cedure was used for the hindlimb suspension as previ-

ously described (Lomonosova et al. 2012). This technique

used a swivel harness system incorporated into the cast-

ing materials, which was attached to a hook at the top of

the cage. The hook was adjusted to allow only the fore-

limbs of the animal to reach the floor of the cage with

the hindlimbs suspended; the body axis was at a 45 angle

to the cage floor. Suspended animals were free to move

around the cage using their forelimbs to obtain food and

water.

Protein extraction and Western blot analysis

Frozen soleus muscle samples were homogenized in ice-

cold RIPA lysis buffer (#SC-24948, Santa Cruz) contain-

ing 50 mmol/L Tris (pH 7.4), 150 mmol/L NaCl, 0.1%

Triton X-100, 0.1% SDS, 5 mmol/L EDTA (pH 8.0),

1 mmol/L DTT, 1 mmol/L PMSF, 1 mmol/L Na3VO4,

10 lg/mL aprotinin, 10 lg/mL leupeptin, 10 lg/mL

pepstatin A, phosphatase inhibitor cocktail (#sc-45045,

Santa-Cruz), and complete protease inhibitor cocktail

(#sc-29130, Santa-Cruz, USA) as previously described

(Lomonosova et al. 2012). Cytoplasmic and nuclear

extracts were prepared from 50 mg of frozen soleus mus-

cle using NE-PER Nuclear and Cytoplasmic Extraction

Reagents (#78835, Thermo Scientific, USA). Complete

Protease Inhibitor Cocktail (#sc-29130, Santa-Cruz, USA),

and Phosphatase Inhibitor Cocktail B (#sc-45045, Santa-

Cruz, USA), PMSF (1 mmol/L), aprotinin (10 lg/mL),

leupeptin (10 lg/mL), and pepstatin A (10 lg/mL) were

used to maintain extract integrity and function. Nuclear

extracts were dialyzed using Amicon Ultra-0.5 centrifuge

filters (#UFC501096, Millipore, USA). Samples were incu-

bated for 20 min at 4°C and centrifuged for 15 min at

20,000 g. The protein content of the supernatants was

quantified using a Quick Start Bradford Protein Assay

(Bio-Rad Laboratories, USA). The samples were diluted

in Laemmli buffer. Total protein sample (40 lg/lane) was
run on 10% SDS-PAGE and transferred to a nitrocellulose

membrane (Bio-Rad Laboratories, USA). Membranes

were blocked for 1 h at room temperature with blocking

buffer (5% nonfat milk powder, TBS pH 7.4, and 0.1%

Tween-20) and incubated overnight at 4°C with the pri-

mary monoclonal antibodies. We used primary antibodies

against Akt (1:1000; #2920, Cell Signaling, USA) and pAkt

(Ser 473; 1:1000, #4058, Cell Signaling, USA), Bcl-3

(1:2000, #sc-185, Santa Cruz, USA), IjBa (1:1000, #9242,

Cell Signaling, USA), MuRF1 (1:1000, ab183094, Abcam,

USA), NF-kB p105/p50 (1:1000, #13586, Cell Signaling,

USA), and pFoxO3 (Ser 253; 1:1000; #sc-101683, Santa

Cruz, USA). Blots incubated with antibodies against

GAPDH (1:10,000, #G041, ABM, Canada) were used for

the normalization of loading for total muscle lysates and

for the cytoplasmic fractions. Nuclear fractions were nor-

malized to the Lamin B1 content (1:1000, ab16048,

Abcam, USA) in each sample. Images of nitrocellulose

membranes stained with Ponceau S were used to verify

equal protein loading in each lane. There were no differ-

ences in GAPDH protein content among control, HS, and

HS+IMD groups when normalized for the total protein in

each lane using Ponceau S-stained membranes.

After three washes (10 min each) with TBS-Tween

(TBS and 0.1% Tween-20), the membranes were incu-

bated for 1 h at room temperature with horseradish per-

oxidase-conjugated goat antirabbit (1:30,000, #111-035-

003, Jackson Immuno Research, USA) or goat antimouse

(1:25,000, #5178-2504, Bio-Rad, USA) secondary antibod-

ies. The membranes were washed again in TBS-Tween

three times, incubated with Immun-Star HRP substrate

(Bio-Rad Laboratories, USA), and exposed to X-ray film

(Kodak, USA) using multiple exposure times. Protein

bands were quantified using densitometry scanning (GS-

800, Quantity-One software, BioRad Laboratories, USA).

The relative content of analyzed protein in each sample

was determined by normalizing band intensities to the

content of GAPDH in the same sample.

RNA isolation and reverse transcription

Total RNA was extracted from 10 mg of frozen soleus

muscle samples using an RNeasy Micro Kit (Qiagen, Ger-

many). RNA samples were treated with proteinase K and

DNase I. Isolated RNA in aqueous solution was frozen at

�85°C for storage.

Reverse transcription was performed by incubating

1 lg of RNA, random hexamers d(N)6, dNTPs, RNase

inhibitor, and MMLV reverse transcriptase for 60 min at

37°C.

For quantitative PCR analysis

One microliter of cDNA was amplified in a 25 lL SYBR

Green PCR reaction containing 1 9 Quantitect SYBR

Green Master Mix (Syntol Moscow, Russia) and 10 lmol/L

of each forward and reverse primer. Sequences of the pri-

mers used in this study were as follows: MuRF1 forward

50-GCCAATTTGGTGCTTTTTGT-30, MuRF1 reversed 50-A
AATTCAGTCCTCTCCCCGT-30, MAFbx forward 50-CTA
CGATGTTGCAGCCAAGA-30, MAFbx reversed 50-GGCA
GTCGAGAAGTCCAGTC-30, b-actin forward 50-TCATGA
AGTGTGACGTTGACATCC-30, and b-actin reversed 50-G
TAAAACGCAGCTCAGTAACAGTC-30. The annealing

temperature was set according to the optimal annealing
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temperature of PCR primers. The amplification was moni-

tored in real time using iQ5 Multicolor Real-Time PCR

Detection System (Bio-Rad Laboratories). To confirm the

amplification specificity, PCR products from each primer

pair were subjected to a melting curve analysis. Relative

quantification was performed based on the threshold cycle

(CT value) for each PCR sample (Livak and Schmittgen

2001). Initially two housekeeping genes were evaluated for

the normalization: GAPDH and b-actin. Normalization to

the level of expression of GAPDH and b-actin showed simi-

lar results (data not shown). b-actin was chosen for the nor-

malization of all quantitative PCR analysis experiments in

this study.

Statistical analysis

It was performed using the REST 2009 v.2.0.12 and Ori-

gin Pro v.8.0 SR5 programs at the significance level set at

0.05. Comparisons of group pairs were made using non-

parametric Mann–Whitney rank-sum test. The signifi-

cance of the differences between three treatment groups

was evaluated using the nonparametric version of the

Newman–Keuls test for multiple comparisons. Results are

given as mean�standard error of the mean.

Results

Effect of unloading and IMD-0534 treatment
on muscle weight

The comparison of soleus muscle weight among C, HS,

and HS+IMD groups showed that inhibition of IKKb
in vivo with IMD-0354 during 3 days of unloading had

no effect on the decrease in skeletal muscle mass. Muscle

weight of soleus in C group was 93 � 4 mg, whereas

weight of soleus in both HS and HS+IMD groups was

significantly reduced (73 � 2 mg and 74 � 1 mg, respec-

tively, P < 0.05). Dry weight of soleus muscle was also

lower in HS (21.4 � 0.4 mg) and HS+IMD

(21.2 � 0.4 mg) groups when compared with control

(24.1 � 1.4 mg) (P < 0.05).

Effects of unloading and IMD-0354
treatment on the level of IjBa

The level of IjBa was significantly lower in the HS

group when compared with control (0.82-fold;

P < 0.05; Fig. 1). To the contrary, the level of IjBa in

HS+IMD group was increased when compared with the

control (1.16-fold, P < 0.05; Fig. 1). These data confirm

that the concentration of IMD-0354 used in our experi-

ments was adequate for the inhibition of IKKb during

unloading.

Effect of unloading and IMD-0534 treatment
on the Bcl-3, p50, and p105 transcription
factors

Bcl-3, p50, and p105 transcription factors are involved in

the NF-jB pathway-mediated regulation of gene expres-

sion and are required for muscle atrophy. The level of

Bcl-3 was higher in the cytoplasmic fraction of skeletal

muscle extracts from HS group when compared with con-

trol (1.2-fold; Fig. 2A), although it did not reach

Figure 1. Evaluation of IjBa protein levels in soleus muscles of C,

HS, and HS+IMD rats by Western blotting. Values are normalized to

the levels of total protein and GAPDH in each sample. N = 7.

* indicates a significant difference from control, P < 0.05; # indicates

a significant difference from HS, P < 0.05. Western blot image was

cropped to display a single band with predicted molecular weight

that was identified in our experiments. The same anti-IjBa antibody

was used in previous publications (Ding et al. 2016; Moles et al.

2016). Images of nitrocellulose membrane stained with Ponceau S

were used to verify equal protein loading in each lane.
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statistically significant value. IMD-0354 treatment pre-

vented Bcl-3 increase in HS+IMD-0354 group (Fig. 2A).

The levels of Bcl-3 in the nuclear fractions of skeletal

muscle extracts from HS groups with/without IMD-0354

were not different from control (Fig. 2A).

There was a trend for the decrease in p50 protein

expression in the cytoplasmic fraction of skeletal muscle

extracts from HS and HS+IMD groups when compared

with control, although it has not reached the statistically

significant levels (Fig. 2B). The levels of p50 protein in

the nuclear fractions of skeletal muscle extracts from HS

groups with/without IMD-0354 were not different from

control (Fig. 2B).

The level of p105 protein was lower in the

cytoplasmic fraction of skeletal muscle extracts from

both the HS and HS+IMD groups when compared with

control (0.71-fold and 0.75-fold, respectively, P < 0.05;

Fig. 2C). The levels of p150 protein in the nuclear frac-

tions of skeletal muscle extracts from HS groups with/

without IMD-0354 were not different from control

(Fig. 2C).

Effects of unloading and IMD-0354
treatment on activation of protein
degradation pathways

We evaluated the levels of expression of two E3 ligases

involved in protein degradation. mRNA expression of

MuRF1 and MAFbx (Atrogin1) was significantly

increased in both HS and HS+IMD groups when

compared with control (Fig. 3A). Interestingly, the level

of expression of both MuRF1 and MAFbx was signifi-

cantly higher in the HS+IMD group when compared

with the HS group (14.1-fold vs. 3.7-fold for MuRF1

and 10.1-fold vs. 6.1-fold for MAFbx, respectively,

P < 0.05).

Analysis of MuRF1 protein expression levels by Wes-

tern blotting showed similar results. Protein expression

level of MuRF1 was significantly increased in both HS

and HS+IMD groups when compared with control

(Fig. 3B). We also observed a trend for the increased

expression of MuRF1 protein in HS+IMD group when

compared with HS group (2-fold vs. 1.35-fold, respec-

tively), although it has not reached the statistically signifi-

cant levels (Fig. 3B).

Figure 2. Evaluation of Bcl-3 (A), p50 (B), and p105 (C) protein

levels in soleus muscles of C, HS, and HS+IMD rats by Western

blotting. Values are normalized to the levels of total protein and

GAPDH (cytoplasmic fraction) or Lamin B1 (nuclear fraction) in each

sample. N = 7. * indicates a significant difference from control,

P < 0.05. Western blot image was cropped to display a single band

with predicted molecular weight that was identified in our

experiments. The same anti-Bcl-3 antibody (Hovelmeyer et al. 2014;

Urban et al. 2016) and anti-p50/p105 antibody (Nakazawa et al.

2016) were used in previous publications. Images of cytoplasmic

and nuclear fractions of muscle protein extracts transferred to the

nitrocellulose membrane and stained with Ponceau S were used to

verify equal protein loading in each lane.
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Effects of unloading and IMD-0354
treatment on the transcription factors and
signaling proteins involved in muscle
atrophy

We evaluated the level of activation of FoxO3 transcrip-

tion factor known to be involved in the regulation of

MuRF1 and MAFbx expression (Fig. 4). The level of

phosphorylated FoxO3a was significantly lower in the HS

group when compared with control (0.55-fold, P < 0.05).

Unexpectedly, the level of pFoxO3a was increased in

HS+IMD group when compared with control (1.6-fold,

P < 0.05).

Activity of FoxO3a is negatively regulated by Akt path-

way (Lokireddy et al. 2012). The levels of total Akt were

not different among C, HS, and HS+IMD groups

(Fig. 5A). Interestingly, despite significant difference in

the levels of FoxO3a phosphorylation, there was no dif-

ference in pAkt content between HS and HS+IMD groups

and the level of pAkt in both groups was significantly

lower than in control (0.3-fold and 0.29-fold, respectively,

P < 0.05; Fig. 5B).

Discussion

Content of IjBa and muscle atrophy

Skeletal muscle unloading activates NF-jB pathway (Bod-

ine and Baehr 2014; Jackman et al. 2013). However, the

mechanisms of NF-jB-mediated regulation of target genes

during early stages of muscle unloading are not well

Figure 3. Evaluation of the levels of MuRF-1 and MAFbx mRNA (A)

and MuRF-1 protein (B) in soleus muscles of C, HS, and HS+IMD

rats. A: Evaluation of MuRF-1 and MAFbx mRNA expression by

quantitative PCR. Values are normalized to the levels of b-actin

mRNA in each sample. B: Evaluation of MuRF-1 protein expression

by Western blotting. Values are normalized to the levels of total

protein and GAPDH in each sample. N = 7. * indicates a significant

difference from control, P < 0.05; # indicates a significant

difference from HS, P < 0.05. Western blot image was cropped to

display a single band with predicted molecular weight that was

identified in our experiments. Abcam web page displays a Western

blot where the same anti-MuRF-1 antibody recognizes a single 40

kDa band.

Figure 4. Evaluation of pFoxO3 protein level in soleus muscles of

C, HS, and HS+IMD rats by Western blotting. Values are normalized

to the levels of total protein and GAPDH in each sample. N = 7. *

indicates a significant difference from control, P < 0.05; # indicates

a significant difference from HS, P < 0.05. Western blot image was

cropped to display a single band with predicted molecular weight

that was identified in our experiments. The same anti-pFoxO3

antibody was used in previous publications (Kukreti et al. 2013;

Tarrado-Castellarnau et al. 2015).
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studied. The majority of the previous studies were done

using knockout mice or in vivo delivery of plasmids into

skeletal muscle and evaluated late stages of muscle

unloading. Sometimes, such approaches might interfere

with the physiological processes that occur in vivo and

lead to the development of the adaptive changes. For

example, Xu and colleagues showed that genetic ablation

of anoctamin in mice has not resulted in any overt skele-

tal or cardiac muscle pathology (Xu et al. 2015). In

humans, mutations in this gene are associated with limb

girdle muscular dystrophy and Miyoshi myopathy. Simi-

larly, dystrophin–utrophin-deficient mice have much

milder pathology than patients with Duchenne muscular

dystrophy (Moresi et al. 2010). In order to evaluate role

of IKKb as a potential target for the development of

skeletal muscle atrophy treatment it is critical to under-

stand role of NF-jB signaling in wild-type animals

in vivo.

In our experiments, 3-day unloading increased degra-

dation of IjBa . These data correlate well with previously

published data on decreased IjBa content in mice during

3- and 7-day unloading (Judge et al. 2007). We showed

that pharmacological inhibition of IKKβ activity using

IMD-0354 during unloading blocked IjBa degradation.

In fact, IjBa content was higher in unloaded muscle trea-

ted with IMD-0354 than in control muscle. Previously the

same concentration of IMD-0354 was successfully used in

rats in vivo to block NF-jB pathway (Hosokawa et al.

2013). Surprisingly, preservation of the IjBa content in

unloaded muscle in our experiments has not prevented

muscle atrophy. Soleus muscle mass was significantly

decreased in both the unloaded group and the unloaded

group treated with IMD-0354 when compared with mus-

cle from the control rats. This is an unexpected observa-

tion as IjBa content in IMD-0354-treated unloaded

muscle was significantly higher not only when compared

with unloaded muscle but it was also higher than IjBa
content in the control muscle. It is known that IjBa
degradation releases NF-jB transcription factors allowing

their translocation to the nuclei and resulting in atrophy

(Delhase et al. 1999; Rothwarf and Karin 1999). This cor-

relates well with our data on muscle atrophy in unloaded

soleus muscle (Shenkman et al. 2015). A similar decrease

in the IjBa level of expression was reported previously

after 3 and 7 days of unloading in the rat model (Judge

et al. 2007). Mice with muscle-specific transgenic expres-

sion of activated IKKb have profound muscle wasting due

to the activation of NF-jB/MuRF (Cai et al. 2004). Mus-

cle wasting in these mice was completely blocked by mus-

cle-specific expression of IkBa superrepressor due to the

inhibition of the NF-jB pathway (Cai et al. 2004). Simi-

larly, muscle-specific expression of dominant-negative

IjBa diminishes NF-jB activation, decreases levels of

ubiquitinated proteins, and inhibits muscle atrophy dur-

ing unloading (Judge et al. 2007). IjBa expression vector

that was used in these experiments represents N-terminus

truncated version of IjBa that has strong inhibiting activ-

ity on the components of NF-jB pathway (Judge et al.

2007).

Figure 5. Evaluation of the total (A) and phospho-Akt (B) protein

levels in soleus muscles of C, HS, and HS+IMD rats by Western

blotting. Values are normalized to the levels of total protein and

GAPDH in each sample. N = 7. * indicates a significant difference

from control, P < 0.05. Western blot image was cropped to display

a single band with predicted molecular weight that was identified

in our experiments. The same anti-Akt (Senol-Cosar et al. 2016;

Wang et al. 2016) and phospho-Akt (Latouche et al. 2016; Urban

et al. 2016) antibodies were used in previous publications.
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In contrast to the previous studies, we used a specific

inhibitor of IKKb kinase activity during early stages of

muscle unloading. IMD-0354 prevented IjBa degradation,

but failed to inhibit unloading-induced muscle atrophy.

Interestingly, it was previously reported that despite

decrease in the IkBa content during unloading, the level

of phosphorylated IjBa has not changed (Hunter et al.

2002; Judge et al. 2007). We hypothesize that IKKb and

IkBa regulation of NF-jB activity and muscle atrophy

during unloading is more complex and multifaceted than

merely a simple decrease in the IjBa content and it

requires further studies. Moreover, it was reported earlier

that transfection with dominant-negative IKKa or IKKb
was able to inhibit immobilization-induced muscle atro-

phy by 22% while combined transfection of dominant-

negative IKKa and dominant-negative FoxO3 inhibited

atrophy by 89% (Reed et al. 2011). As in our experiments

IMD-0354 only prevented IjBa degradation this probably

was not sufficient for the prevention of unloading-

induced muscle atrophy in vivo.

Transcription factors regulating MuRF1 and
MAFbx expression

We tested whether inhibition of IKKb activity using

IMD-0354 during 3-day unloading has an effect on

FoxO3 or NF-kB-regulated gene expression. Unloading

was characterized by the decrease in phospho-FoxO3a
and increase in MuRF1 (both mRNA and protein) and

MAFbx (mRNA) expression. This is in agreement with

our previous studies (Shenkman et al. 2015) and reports

from other investigators (Bodine and Baehr 2014)

demonstrating that dephosphorylation of FoxO3 pro-

motes its translocation into the nuclei and increases

MuRF1 and MAFbx expression. A decrease in phospho-

FoxO3 protein and increase in FoxO3a mRNA correlates

with increased mRNA expression of MuRF1 and MAFbx

during 3- and 7-day unloading (Judge et al. 2007; Shenk-

man et al. 2015). It is known that Akt phosphorylates

FoxO3a (Wang et al. 2014). Mice with muscle-specific

ablation of IKKb had increased phospho-Akt level

(Mourkioti et al. 2006). However, in our experiments

increased phosphorylation of FoxO3 has not correlated

with changes in Akt phosphorylation. Levels of phospho-

Akt were decreased in both unloaded group and unloaded

group treated with IMD-0354. At the same time, levels of

phospho-FoxO3 were significantly higher in unloaded

group treated with IMD-0354 when compared with both

the unloaded group and with control group. This suggests

a different source of FoxO3 phosphorylation and reflects

the complexity of its regulation by IKKb. As the level of

phospho-FoxO3 in the unloaded group treated with

IMD-0354 was higher than in the control group, we

hypothesized that under normal conditions IKKb kinase

activity could have some inhibitory effect on FoxO3 phos-

phorylation. Both IKKa and IKKb are kinases and they

are presumed to be able to inhibit or activate various sub-

strates, including mTOR, FoxO3, ERK1/2, and lysosomal

proteins, through phosphorylation (Jackman et al. 2013).

For instance, IKKb phosphorylation of TSC1 activates

mTOR pathway, whereas phosphorylation of FoxO3 by

IKKb deactivates FoxO-related transcription indepen-

dently from the NF-jB pathway (Chariot 2009). Despite

high level of phospho-FoxO3 in unloaded group treated

with IMD-0354 mRNA expression of MURF-1 and

MAFbx in this group was significantly higher than in

unloaded group without treatment. Similar opposing

changes in the level of FoxO and the expression of E3

ubiquitin ligases were previously observed during muscle

unloading (Shenkman et al. 2015). In addition to FoxO

several other transcription factors can influence expres-

sion of E3 ubiquitin ligases (Bodine and Baehr 2014). For

example, myogenin can activate MURF-1 and MAFbx

expression during muscle atrophy caused by denervation

(Moresi et al. 2010). Moreover, recent study by Baehr

et al. (2017) suggests that MURF-1 and MAFbx are only

loosely associated with protein degradation and can be

upregulated during muscle unloading even in the absence

of increased proteasome subunit activity.

Expression of E3 ubiquitin ligases is regulated differ-

ently during muscle unloading in studies on genetically

modified IKKa and IKKb expression and in our experi-

ments when NF-jB pathway was inhibited with IMD-035.

It was noted that inhibiting IKKb expression could block

not only phosphorylation of IjBa but also interfere with

phosphorylation of other substrates and introduce

changes in muscle physiology (Jackman et al. 2013). This

could be the basis for the differences between our study

and previously published data.

Transcription factors of NF-jB pathway

Unloading-induced muscle atrophy involves activation of

NF-jB cotransactivator Bcl-3, as well as p50, and p105

NF-jB proteins (Wu et al. 2011; Jackman et al. 2013).

During muscle unloading Bcl-3 and p50 are translocated

into the nuclei, bind NF-jB-dependent sites and activate

atrophy-related genes (Jackman et al. 2013). Both MuRF1

and MAFbx are direct targets of Bcl-3 and p50 (Wu et al.

2011). In our experiments there were no significant

changes in the Bcl-3 content in the cytoplasm of the

soleus muscle fibers following 3-day unloading. There

were also no changes in the nuclear content of Bcl-3 in

soleus muscle fibers following 3-day unloading. It was

previously demonstrated that maximal expression of both

MuRF1 and MAFbx is reached after 3 days of unloading
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(Cannavino et al. 2014; Shenkman et al. 2015). At the

same time, changes in expression of Bcl-3 at the early

stages of unloading were not reported and role of Bcl-3

in the expression of E3 ligases during first 3 days of

unloading was not clear. Previous studies demonstrated

that levels of Bcl-3 in the nuclei were significantly

increased following 7 and 10 days of muscle unloading

(Hunter et al. 2002; Hunter and Kandarian 2004; Judge

et al. 2007) and in Bcl-3 knockout mice atrophy of

unloaded soleus muscle was significantly reduced (Hunter

and Kandarian 2004). Lack of changes in cytoplasmic and

nuclear content of Bcl-3 during 3 days of unloading in

our experiments suggests that during early stages of

unloading other than Bcl-3 transcription factors could be

more important for muscle atrophy.

There were also no significant changes in the p50 con-

tent in the nuclei or cytoplasm of the soleus muscle fibers

following 3-day unloading in our experiments. This corre-

lates with previous data showing no changes in p50

mRNA and protein expression during 7-day muscle

unloading (Judge et al. 2007) as well as during 2-week

muscle immobilization (Kang and JI 2013). The conserva-

tion of p50 content across the groups suggests lack of

compensatory downregulation of NF-jB content in IMD-

0354-treated rats. Therefore, in our opinion, IjBa content

represents a fair indicator of NF-jB activation.

Levels of p105 in the cytoplasmic fraction were

decreased during 3 days of muscle unloading in both

IMD-0354-treated and untreated groups in our experi-

ments. Therefore, blocking IjBa degradation with IMD-

0354 has no effect on the unloading-induced decrease in

p105. The reduction in p105 suggests potential downregu-

lation of NF-jB content or accelerated NF-jB processing.

The levels of p105 in the nuclear fraction were compara-

ble between control and unloading groups with/without

IMD-0354. We have not evaluated the level of p65 in our

experiments as there is no published data suggesting that

the level of p65 changes at any time point after muscle

unloading. It is known that p65 subunit is not required

for the disuse atrophy (Jackman et al. 2013). At 6 days of

skeletal muscle unloading, there was a decrease in p65

binding to jB sites of both MURF-1 and MAFbx genes in

ChIP assay (Wu et al. 2011). Based on these data we sug-

gest that p65 does not play a critical role in regulation of

MURF-1 and MAFbx expression at early stages of muscle

unloading.

In summary, after 3 days of unloading we observed

atrophy of soleus muscle and significant increase in the

expression of MURF-1 and MAFbx without significant

changes in Bcl-3 and p50. Interestingly, despite lack of

changes in Bcl-3 and p50 expression during unloading

IMD-0354-treated group had higher levels of MURF-1

and MAFbx expression than untreated group. This

suggests that at early stages of muscle unloading the

expression of MURF-1 and MAFbx could be regulated by

different transcription factors. This correlates well with

previous data showing that skeletal muscle immobilization

due to external fixation has a biphasic effect on NF-kB

activation with initial decrease in activity at early stages

and subsequent increase at the later stages (Bar-Shai et al.

2005). It was previously suggested that decreased muscle

atrophy mediated by genetic inhibition of NF-jB signaling

proteins can be attributed to the effects unrelated to the

NF-jB transcription factors (Jackman et al. 2013).

Overall, our study showed that inhibition of IKKb
in vivo using IMD-0354 during 3-day unloading pre-

vented IjBa degradation in soleus muscle, but failed to

diminish expression of MuRF1 and MAFbx ubiquitin

ligases and muscle atrophy. The review of all available

publications where IMD-0354 was used in animal models

showed that this inhibitor does not have indirect or sys-

temic effects with negative consequences for the health of

the animals (Maslanka et al. 2016; Zhou et al. 2016).

Therefore, we do not think that our observations are due

to the systemic effects of IMD-0354 during unloading.

Further studies are needed to determine factors important

for the regulation of MuRF1 and MAFbx expression dur-

ing early stages of unloading.
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